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Preface 


It was in 1944 that Dr. J. W. Maccoll suggested to the writer that 
there was need for a modern textbook on the theory of the interior 
ballistics of guns. The project could not be taken up at that time, but 
our discussion of the plan showed that the subject was ready for an up- 
to-date survey. 

Probably the most striking general result that has emerged from the 
wartime work on guns is the complexity of the physical and chemical 
processes involved. It is, of course, not at all obvious that this need 
be so. The system of gun, projectile, and charge appears at first sight 
to be surely one of the simplest of all heat engines. It was from this 
idea that interior ballistics, about a hundred years ago, began to develop 
towards a mathematical structure based on a few simple physical 
assumptions. Gradually the mathematics became more elegant, and 
more subtle points were discussed. As there was relatively little study 
of the physical assumptions, this mathematical work could not be said 
to be helping greatly our understanding of the behavior of real guns. 

But now, a few years later, theoretical interior ballistics has com- 
pletely changed its direction. This we must acknowledge to be due 
in the main to the use of modern instruments of research. These have 
revealed the complexity of the processes inside the gun and have reduced 
some of the basic ideas previously held to the status of mere empirical 
approximations. Again, the study of gun behavior under extreme condi- 
tions has led, as could have been expected, to abnormal behavior; the 
more important aspect is that these abnormalities can be traced in modi- 
fied form right into the region of normal conditions. This explains why 
so many aspects of interior ballistics have eluded theoretical analysis, 
and have been left to “past experience” acquired over many years and 
reliable only in a stagnant technique. 

When the physical basis of a subject becomes more complicated, the 
mathematics becomes simpler. When four equations are thought to 
sum up the whole of interior ballistics, it is natural to spend almost 
any length of time on their study. If, however, the subject is seen as 
the interrelation of a dozen different aspects, it is clearly best to keep 
as far as possible to simple mathematics. 

In writing this book I have tried to keep the best of the classical 
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phase while introducing also some of the methods that promise to be most 
valuable in the future development of the subject. It is, fortunately, 
not yet possible to write of ballistics as a complete and perfect structure. 
The new complexity implies new possibilities of rational understanding 
and corresponding practical advances, and we can expect research to 
go ahead vigorously. I have indicated the lines on which theoretical 
research is likely to be concentrated and have kept these in mind in 
choosing topics. It must be added, also, that the best classical theory, 
with its tendency to oversimplification of the physics and chemistry, 
is for that reason a valuable introduction to the subject and would earn 
a place in this book on that ground alone. 

Permission for open publication has been kindly granted by the Chief 
Scientist, Ministry of Supply (England). For permission to reproduce 
material from my papers published in their journals I am indebted to 
the Royal Society (sections 2.33, 7.1-7.39, and 9.2-9.26, Figs. 7.1, 7.3, 
and 9.5-9.9), the Faraday Society (sections 2.41-2.44), the Franklin 
Institute (sections 8.1-8.16 and Fig. 8.1), the Physical Society of London 
(sections 3.24 and 3.32), and the Quarterly Journal of Mechanics and 
Applied Mathematics (sections 5.5-5.54). I am able to use Figs. 9.1 
and 9.2 by the courtesy of Mr. F. B. Pidduck and the Royal Society. 
I am indebted to Mr. E. P. Hicks and Mr. C. K. Thornhill for permission 
to quote freely from their theory of heat transfer to gun barrels. 

To my wife I am indebted not only for encouragement but also for 
substantial help in the preparation and editing. 

J. CORNER 


Contents 


1.1 
1.2 


1.3 
1.4 
1.5 


2.1 
2.2 


2.3 


2.4 


3.1 


3.2 


Chapter One: The Field of Interior Ballistics, 1 


The scope of the present book . . .........0. 80808 ees 1 
“Practical” and “research” ballistics . . ......2.., Pe ae 3 
1.21 The measurement of pressure in guns ............ 7 
1.22 The measurement of muzzle velocity ........ ae 9 
1.23 Other experimental research . . . .. 2... 1... a ee 11 
The classical problem of interior ballistics . . 2... .....4.. 14 
The future of interior ballistics . . 2 2... 1. ee eee 16 
The history of the classical problem of interior ballistics . . . ... . 18 
Chapter Two: Gun Propellants, 24 
Propellant compositions . gs Swan eS He ME he OE 24 
The arrangement of the propellant charge . . . ........004 26 
2.21 Propellant shapes and the geometrical form function. . ... . 30 
2.22 The true form function ... 4: 6 vse eee wes 35 
2.23 The Charbonnier form of the equation of burning ....... 41 
Theories of the burning of gun propellants ............. 42 
Pa AMM. Woy Cl ads) ye a a a er a a a cr ere 43 
2.32 Vapor-phase theories ............02......4. 47 
2.33 Theory of aflame zoneinagas.........2.2.2.2.2.., 49 
2.34 Application to the burning of propellant ........2.2.., 63 
2.35 The theoretical rate of burning at high pressures ....... 66 
2.36 The influence of the initial temperature of the propellant... . 69 
2.37 Experimental knowledge of the rate of burning ........ 70 
“Erosion” of propellant 4. a . oo Se ew Bo a SOR 73 
2.41 A simple theory of the erosion of propellant at gun pressures . . 74 
2.42 Hydrodynamic considerations. ...........2 2.848. 76 
2.43 Effective thermal conductivity in the flame. ......... 81 
2.44 Rate of burning with turbulence .......2.2.2.2.2..-. 82 
Chapter Three: The Thermochemistry of Propellants, 85 

Sketch of closed-vessel technique .............22804 87 
3.11 Cooling corrections ... 2.2: ks be OE ee ee 85 
Theory of the equilibrium state after burning without cooling or perform- 

anie OLW a noaa do de cet Soa eA A ea a SO Re ee 89 
3.21 Theory without dissociation or pressure corrections ...... 89 
3:22. DÐissočiastioňi . s soe ssp s ado a paia e e ee Ge es s 97 
3.23 Experimental results... . oa a a . a a eee ee ee 100 
3.24 Theory of the covolume and other pressure corrections. . . . . 102 


ix 


3.3 


3.4 


4.1 
4.2 


4.3 


4.4 


4.5 


5.1 
5.2 


5.3 


5.4 
5.5 


Contents 


The equilibrium state after burning under constant pressure without 


OEE aiaa daa Se ee ante A I ee te k's oe Seat te ee fae ey A 115 
3.31 Theory without pressure corrections .......2.2.. oe ee 
3.32 Pressure corrections ..............8.88 e204 117 
3.33 Specific impulse of a rocket fuel... .........0202, 120 
Thermal behavior of the propellant gases in a gun ......... 125 


Chapter Four: Simple Ballistic Methods, 130 


PORTO CLUOD: ict, Gee ot aed a as Sa a al Bee Ge Se 130 
The “isothermal” solution . . . ... 2... 0 2s ee ee te 132 
AT NOON. sc, DO Se a dt oe, e a De Rae WR He HS SR 132 
4.22 Equations of motion. ..............+ +084 133 
4.23 Solution after “burnt”... .. 0... we eee ee we 139 
4.24 Summary of the working formulas. .........2..2.. 141 
4.25 The efficiencies of gun and charge... .....2.2.2.2.2.. 142 
Comparison with experiment... ..........2...-. 8084 145 
4.31 Some typical ballistic solutions .... . SS vile de Bh We ah Be 145 

4.311 Atypical AA gun, ................8. 146 

4.312 Cord charges in a naval gun ............. 154 
4.32 Empirical corrections . . . s. oaoa a a a a a 156 
Ballistic effects of charge and design variables .......2.2.2.2. 159 
4.41 The web size ... l. gp Bk ew WR ee eR Hs 159 
4.42 The charge weight ................2. 248. 162 
4.43 The total travel. . 2... ....... a 0 7-208 | 169 
4.44 Chamber capacity... .... 2... 2. ee ee ee a 169 
4.45 Shot weight . . ce ke Swe eee ee oe ee ee eae a 169 
4.46 Propellant shape .........2..2.. e082 Ck ck ee dae A 170 
4.47 Nature of propellant. ............2.2.. a a a ow dA 
The history of the isothermal model. . ............2.2.2., 171 


Chapter Five: More Advanced Ballistic Methods, 174 


The energy equation of interior ballistics . 2... .......02.2. 175 
Coppock’s solution ......... se Bosh Fae Os Boks Ge eee Ta ee 177 
5.21 Assumptions . 6 . . & a6 4 oe wwe ee ee 177 
5.22 Equations of the problem ...............2.. 177 
5.23 Solution of the equations. .........2....-868.4 178 
5.24 Summary of the working formulas. ........ 182 
5.25 The nature of the effects produced by covolume and TE PEIEE 
REP F A e aaa AAO rea e aa a a Be ea a ey Ee 184 
5.26 Comparison with experiment ...............0. 186 
5.27 The effect of heat losses. . . . ..... a a a a a 189 
A theory with a “shot-start pressure’... . . o.o oaa .. .. 189 
5.31 Assumptions . . . g  ae le wes wk ee EB kp Be 191 
5.32 Goldie’s solution . . . see ee 8 192 
5.33 Ballistic effects of a shot-start pressure. ........ .. . 204 
Rate of burning not proportional to pressure... .....2.2.2.. 206 
The ballistic effects of bore resistance . .......2.2.2.2.242.. 213 


5.51 Disturbance of muzzle velocity by the standard bore resistance . 215 


5.6 


6.1 


6.2 


7.1 
7.2 


7.3 


7.4 


7.6 


Contents 


5.52 Accuracy of first-order theory. ...........2..4284 
5.53 Calculation of the effect of long stretches of bore resistance. . . 
5.54 Effect of the covolume.................004. 


Chapter Six: Similarity Relations and Optimum Problems of 
Interior Ballistics, 226 


Introduction to ballistic similarity ........2.......6. 
6.11 The similarity relations for a simple set of ballistic equations . . 
6.12 The tabulation of ballistic solutions . .........0~0.4. 


Optimum ballistic solutions ............224.4. 


Chapter Seven: The Interior Ballistics of Leaking Guns, 243 


Introduction ........2.. bay ok ee ad She: ee a hae ds & 


The classical theory of nozzles ........ 
7.21 Covolume corrections .... . Bee ait cer ks wg oe 4 


7.31 Assumptions of the theory ................. 


7.32 Notation. .. am « a as Re he ets Ba! oi cet sy oe aS ae a a 
7.33 Pressure and density distributions inthe gun . ....... 
7.34 Nozzle flow and energy relations .........2.2.2.. 


7.35 Summary of the equations ................. 
7.36 The equivalent nonleaking ballistic problem ......... 


7.37 Numerical integration ...........-..2-4.. 


7.38 Solution with linear rate of burning ........2.2.2.2.~, 


7.39 Solution after “burnt? . . aooaa a a a a a 

Gas leakage in a smooth-bore mortar .........2.2.. 

The ballistics of a worn gun . . o oaoa ea a a 

7.51 Equations of interior ballistics of a worn gun... ...... 
7.511 Basic assumptions .........,.... . 
1.512. Notatið. © CE so e o p ea ee a GS ae, A Gk 


7.513 Equations of the problem ........... 


7.514 Solution after “all burnt” ............2.2. 
7.515 Approximate solution near the start... ....... 
7.52 Analysis of the experimental data on new and worn guns. . . . 
7.521 Ballistics of the new gun ........2..2.22.2.4. 


7.522 Ballistics of the worn gun .......2.2.2.. 
7.53 Changes in ballistics during the life of the gun... .. . 
7.54 Rapid estimation of the effect of leakage... ... . 


Ballistic properties of recoilless guns ........2.2.2.2.22.. 
7.61 “Recoillessness” as . . hk kw ee a a a 
7.611 The calculation of recoil momentum ......... 


227 


-235 


7.62 The influence of design variables and loading conditions on the 
interior ballistics of a typical recoilless gun... ....... 
7.621 Effect of nozzle-start and shot-start pressures nd 
7.622 Effect of rate of burning or web size ......... 


8.1 


8.2 
8.3 


8.4 


9.1 


9.2 


9.3 


9.4 


9.5 


Contents 


7.623 Effect of charge weight on nozzle throat area for zero recoil 305 


7.624 Effect of shot weight on nozzle area for zero recoil . . . 306 
7.625 Effect of changes of chamber capacity. ........ 306 
7.626 Changes in total shot travel .........002., 307 
7.627 Effect of nature of propellant ........2.2.2.2. 307 
7.628 Influence of nozzle design .........2..... 308 
7.63 The optimum pressure for opening of the nozzle. . .. 2.2... 308 
7.64 The value of a muzzle brake on a recoilless gun... ....., 309 


Chapter Eight: Some Special Types of Gun, 312 


The high-low-pressure gun... ... a a a a ee a ee 312 
SLL NOTRO o o a h Roem a eS Anny pees a a ae ee 313 
8.12 Assumptions . sk ee, ee we oS Re eS eS 314 
8.13 Equations of interior ballistics up to “burnt”... 2... 316 
8.14 Interior ballistics after “burnt” ........ 2... 2.0404, 323 
8.15 Summary of the working formulas. ...........2.. 324 
8.16 The maximum possible piezometric efficiency ......... 326 
PARE ONIN 30s, dh: Blas & ue elas: a a Bl Sw Re Oe ea ae 327 
Composite charges . . A Gk 8 we BH GES & G 328 
8.31 Reduction of a composite charge to a single effective web size. . 329 
Tapered-bore guns . . 2 2. ee a ae ea we 334 


8.41 The equations of interior ballistics for a tapered-bore gun. . . . 336 


Chapter Nine: The Hydrodynamic Problems of 
` Interior Ballistics, 339 


Introduction to Lagrange’s ballistic problem ........2.2.4.2. 339 
9.11 The conventional solution . . . . oaoa a a a e a 342 
9.12 The results of Love and Pidduck . . . . 2. a aa aa aaa 347 
9.13 Pidduck’s limiting solution... . 0 a a a a a a a a 351 
9.14 Experimental results and future theoretical research . . . . . 357 
9.15 The shock-wave equations . . . laoa a a a a a a 359 
9.16 The maximum possible muzzle velocity ........... 361 
The interior ballistics of a gun after shot ejection... .... 2... 364 
9.21 The initial state of the gas in the barrel .. ......... 365 
9:22 Earlier COTM . © ke Boi ee Seg RO a EG aw Oe eS 368 
9.23 Discussion of the problem ...........2.2.4.. ‘, . 870 
9.24 Solution before the arrival of the wave from the muzzle . . . . 371 
9.25 Comparison with an experimental breech pressure record. . . . 374 
9.26 The rarefaction zone . ...........24 252. ee eu 377 
Muzžle Drakes- o u ar ght ieee ok’ bran He & En eo Oe HS EEE 383 
9.31 The calculation of muzzle-brake thrusts ........2.2.. 385 
9.32 The “efficiency” of a muzzle brake ..........2... 387 
Conditions ahead of the shot... ..............24. 392 
9.41 Steady motion . . . we Gee a eh ee a 393 
9.42 Riemann’s method for the solution of the hydrodynamic equations 395 
9.43 Accelerated motion . .. oa aa a a ‘ʻa 397 
The motion of propellant in a gun ................ 400 


9.51 Ballistic consequences . x. 1. 1. 1 ee a et tee te 407 


Contents xiii 


Chapter Ten: Heat Transfer to Gun Barrels, 409 


BERT a ERECT: < y BO ates ee BP es Yk G a OS ee PR OES 409 
10.2 The heat-transmission coefficient . ........2.2..022.2.8. 410 
10.3 The conduction of heat in the barrel ..............2, 418 
10.4 Results of the heat transfer in guns ..... . PE E ie wes Ce 7y. 

10.41 Semiempirical formulas for heat loss ........2.2.2.2. 425 


Appendix A: The Numerical Solution of the Equations of 
Interior Ballistics, 427 


A.1 Method of solution on a calculating machine .........2.2.2. 427 
A.2 Solution without a computing machine. ........2.2..2.2.. 430 


Appendix B: Some Constants Used in Ballistics, 432 
Appendix C: Interpolation Coefficients, 433 
Name Index, 435 


. Subject Index, 439 


The Field of 


CHAPTER ONE 
Interior Ballistics 


1.1 The scope of the present book 

The purpose of this book is not to give results so much as to illustrate 
methods. The field of interior ballistics is now too wide to be covered 
completely in one book of moderate size, and new problems are con- 
stantly arising. The methods of attack from the theoretical side are 
much more settled, and they show certain themes, which occur repeat- 
edly in different problems. We hope to illustrate these techniques in 
the present book. 

The experimental side of ballistics is discussed here only where it 
affects the theory, as, for example, by fixing the accuracy which the 
theory need not exceed. This omission is not meant to imply that 
experiment is unimportant, but rather to keep this book to a reasonable 
size. In any case, the author cannot speak with any authority on the 
experimental side. He is well aware that in ballistics most of the theo- 
retical work is directly inspired by experimental results, either as an 
attempt to explain the newly observed, or else as the refinement of 
existing theory to cope with an extra order of magnitude in the accuracy 
of measurement. At the same time, experiment is often held back 
until a theoretical examination has been made; this respect for theory 
is due in part, it must be admitted, to the high cost of experiments in 
this subject. 

Our field, then, is the theory of the phenomena that occur inside a 
gun or that are closely associated with it. The interior ballistics of 
rockets we do not touch. 

The aim of illustrating methods allows one a good deal of choice in 
the subjects discussed. The author has tried to mention most of the 
problems in this field and to discuss in detail all the more important; for 
the rest, the emphasis has fallen on those subjects that have had special 
interest for him. Much has been taken from the author’s wartime work, 
for example the burning and “erosion” of propellant, the theory of the 
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of his Lehrbuch der Ballistik. This is particularly valuable on the 
historical side, for it gives details of a number of methods which are 
obsolete today. 

The French school is represented, in its two classical attacks on the 
central problem of interior ballistics, by Gossot and Liouville, Balistique 
intérieure (Paris, 1922),1 and Sugot, Cours de balistique, volumes I, III, 
and IV (Paris, 1918). At this point we may refer to two memoirs of 
special value: a very clear and elegant survey of the classical problems 
of interior ballistics, summarizing the work of the French school, by 
Sugot, Mémorial de lartillerie francaise, volume 5 (1926), page 1131; 
and a summary of methods up to 1922, which in some respects is clearer 
than Cranz’s review, published by Desmaziéres in Mémorial de l'artillerie 
française, volume 3 (1924), page 1009. 

Other books on interior ballistics either are obsolete or are covered 
by the treatment in Cranz. For progress since 1926 it has been necessary 
to go to the original papers. 

Finally, one must refer to Charbonnier, Balistique intérieure (Paris, 
1908). This book is of great historical interest, having had a strong 
influence on the development of ballistic theory. Though naturally 
obsolete in details, it is still one of the clearest expressions of the aims 
of interior ballistics.? 


12 ‘Practical’? and “‘research’’ ballistics 


There is considerable application of ballistics to routine work, such 
as the testing of guns and propellants and the estimation of new charges. 
This may be called “practical” ballistics, as opposed to the “research” 
aspect. From the experimental side the distinction is that “practical” 
ballistics needs only relatively simple measurements, which are easily 
carried out in mass; “research” is that class of experiments for which a 
considerable preparation is necessary and which involve some analysis 
before the final result is obtained. The distinction may seem to be not 
very sharp, but it is quite clearly marked in practice. Thus a measure- 
ment of the peak pressure attained in a gun can be obtained in a minute 
or two from a crusher gage, and this measurement is done by the hundred 
in a day’s work at a proving range. To obtain a pressure-time curve 
on a sheet of graph paper is more of a research matter: the setting up 
of the piezo gage and its circuit takes longer, the film on which the record 


1 Also Traité des effets des explosifs (1919). - 

2 Charbonnier restricts “internal ballistics” to the study of mechanical effects, that 
is, to what we call the “classical central problem” (including the closed vessel); all 
other matters that are considered here Charbonnier would have relegated to “the 
science of explosives.” 
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is made has to be developed and fixed, and the reading of the film and 
its reproduction as a graph take yet more time. Furthermore, there are 
more possibilities of failure in work with the piezo gage. It follows that, 
although the piezo gage is used a good deal, yet it tends to be reserved 
for the more important and delicate problems, where a knowledge of 
the variation with time is essential. 

The same distinction appears on the theoretical side and arises partly 
from this division of the experimental data. Where measurements 
involve a considerable amount of work, it pays to have as accurate a 
theory as possible. A special case arises when some quantity cannot be 
measured at all by current technique—it is then essential to go into the 
theory as carefully as possible. This is the function of the research 
aspect of interior ballistics. 

For analysis of routine firings the ballistic theory need be only of 
the simplest type. All reasonable errors in the theoretical results can 
be removed by examining the errors recorded for previous calculations 
on as nearly as possible the same problem. A further reason for not 
pushing routine analysis too far is the variability of guns and charges. 
Nominally the same guns by different makers show differences of the 
order of 10 ft/sec, and the variation of propellant properties causes an 
even bigger spread, which, however, is more easily corrected by altering 
the charge weight in the filled round. The subject of the accuracy 
needed in theory is closely linked with the reproducibility of ballistics, 
to which we now turn. 

The ballistic properties of gun propellants are sensitive to the small 
variations that occur during manufacture. At any one factory the 
ballistic properties of the individual sticks of propellant show variations, 
which may be quite considerable, about a mean which varies slowly with 
time. The mean properties of nominally the same propellant from two 
factories often show differences that are too large to be neglected but 
are not easily corrected at the factory stage; these differences are pre- 
sumably due to trivial variations in the process of manufacture, though 
a correlation is not easy. 

These variations are more easily taken into account after a smoothing 
process. The product of one factory is divided into successive “‘lots,”’ 
whose size may be anything from 1 to 20 tons, depending on the output, 
and within each lot a blending is carried out. The efficiency of this 
can be checked by statistical means, and, if satisfactory, the result is a 
batch of propellant of fairly homogeneous character; that is, an examina- 
tion of individual sticks shows, of course, the same spread of properties 
as before blending, but now a division into bundles of adjacent sticks 
gives the distribution of mean properties to be expected from a random 
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sample. Without blending, the bundles of adjacent sticks would show 
an extra variability, because each bundle would have a common day 
of manufacture or be made in the same subsection of the factory. 

Propellant is indexed by its lot number. Each lot is fired in a gun or 
a closed vessel under controlled conditions, and the effective rate of 
burning is determined. Both the mean and the distribution about the 
mean are found; although it is common to use the mean deviation or 
the rms deviation as the parameter measuring the variability of this or 
any other ballistic quantity, there are establishments that prefer a 
statistically less significant quantity, namely, the total spread in, say, 
five experiments. This was a common practice in German ballistics. 

From the mean properties and the variance, the lot is either accepted 
or rejected; for example, the rate of burning may be so subnormal that 
a charge to give the specified muzzle velocity would be too bulky to 
be loaded into the chamber. Assuming that the lot satisfies the speci- 
fication, its effective ballistic speed is taken into account by stating the 
charge weights of this lot to be used in service rounds. 

The division of propellant into “lots” of known ballistics makes it 
possible to “prove” guns by using standard charges. ‘Gun proof” is 
concerned mainly with the strength of the gun, and pressures up to 
20 per cent above the normal peak pressure are applied. In most 
countries this is done by using charges of greater weight, which is simple 
but not always possible (for example, even the normal charge may fill 
the available space). The German practice of using a heated charge, 
with therefore a higher rate of burning, is more logical but needs a heating 
chamber. A heavier shot is a possible alternative, though the supply 
of several weights of proof shot for each type of gun would not be liked. 
Proof shot, it may be mentioned, have a flat head, intended to give 
reproducible breaking of Boulengé screens (§ 1.22). Proof shot are 
normally solid, though some hollow proof shot are in use. 

The proof of guns with charges of one lot reveals gun-to-gun differ- 
ences of muzzle velocity and peak pressure. As the gun wears, its 
performance tends to approach more closely that of its fellows, taken 
at the same stage of wear: that is, not necessarily at the same number 
of rounds fired. During the initial period, when gun-to-gun differences 
are at their largest, it is possible to trace a common tendency among 
all guns from a single factory. One maker will produce guns whose 
velocities at proof average rather higher than those from another maker. 

Another known variation occurs from day to day in the mean perform- 
ance of a single gun firing charges of the same lot at a given temperature. 

Until now we have tacitly assumed that equal charges of a single 
lot, fired one after another in the same gun, will give a set of velocities 
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(or peak pressures) that are distributed in some permanent fashion 
about a fixed mean. If, for example, we calculate the mean and the 
variance of the first n rounds, the mean has been assumed to tend toward 
a fixed value, the mean of the population, as n increases; likewise, the 
variance has been assumed to tend to a fixed value characteristic of the 
frequency distribution. This assumption is a natural one, and the test, 
though simple, is almost always omitted. It is true that first rounds 
from a cold gun are invariably disregarded, being sometimes peculiar. 
In most firings the assumption of a true mean and a real frequency 
distribution are well obeyed. An exception noted recently occurred at 
the smallest charge in a certain class of howitzers, where the velocity 
was found to rise slowly by as much as 50 ft/sec in 50 rounds (“upward 
creep”). This shows that a mean and a mean deviation do not neces- 
sarily exist in the kind of variability encountered in ballistics. 

We shall recapitulate with some typical numerical values. Individual 
sticks of nominally the same propellant from a single factory have rates 
of burning with a standard error of the order of 10 per cent of the mean. 
Blended into lots and subdivided into gun charges, the mean deviation, 
when rounds of one lot are fired in one gun on the same day, is roughly 
5 to 10 ft/sec; this is a property of the gun as well as of the propellant. 
Equal charge weights of different lots fired in the same gun on the same 
day give mean velocities that can differ by as much as 30 ft/sec. This 
mean difference is taken up by adjustment of the filled charge weight 
of each lot. Charges from one lot, fired at the same time in guns of the 
same type, give mean velocities that can easily differ by 10 ft/sec in 
new guns. The mean velocity in each gun varies from day to day, by 
amounts of about 5 ft/sec. 

The mean deviation of charges of one lot, as determined at the proving 
ground, is less than the spread of service rounds using charges from this 
lot. For the dispersion due to the charges to show up more clearly at the 
proving ground, the shot and charge weights are kept constant within 
about 1 part in 1000. In service rounds these rigorous conditions cannot 
be maintained. In particular, charge weights have a broader tolerance 
whose magnitude is naturally settled by considering the residual and 
unavoidable dispersion shown in the propellant proof, together with 
production matters. 

Returning to the subject of routine calculations of interior ballistics, 
it will now be accepted that there is no point in computing theoretical 
muzzle velocities to better than 5 ft/sec. An exception must be made 
when differential effects (for example, the effect of a small change in 
shot weight) are computed by the difference between two nearly similar 
calculations; here the accuracy of the final result will be very low unless 
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the two basic calculations have a high nominal accuracy. Differential 
effects are better calculated from an explicit formula, if such is available. 

In research work on interior ballistics it is more often necessary to 
work to a nominal accuracy of 1 ft/sec. This can arise when individual 
rounds have been given a great deal of experimental attention and the 
theoretical worker has to make the most of each round. Information 
from such a detailed analysis is usually applicable only to that particular 
round. Where we are dealing with mean performances over a number 
of rounds the theoretical worker often carries his computations to 
1 ft/sec, but only because he will later need to interpolate between these 
basic solutions. In effect, he is computing differential properties of his 
theoretical solutions. 

To take computations beyond this accuracy is hardly ever necessary. 
This has arisen only once in the writer’s experience: in computing 
differential effects to compare with an ap- 
proximate explicit formula it was necessary 
to compute basic solutions to a nominal 
accuracy of 0.1' ft/sec (§ 5.52). 


1.21 The measurement of pressure 
in guns ° 
For routine proof of guns it is desirable 
to be able to measure the maximum pres- 
sure quickly and simply, and the details of 
the pressure-time curve are not of much in- 
terest. For this the crusher gage (Fig. 1.1) 
serves very well. A cylinder, usually of cop- 
per, is compressed by a piston exposed to the 
gases, and from the measured permanent 
compression can be read at once the peak Fia. 1.1 Section through a 
pressure attained in the gun. The body of typical crusher gage showing 
the gage is heavily coated with copper to e aa soles piisa 
prevent damage to the gun. One or two ori, Ea NAGA pa 
gages are loaded with the charge at the posed to the propellant gases. 
breech end to prevent their motion. A 
table giving the relation between the pressure and the reduction in length 
is obtained by calibration in a deadweight press. Since the accuracy 
depends on the reproducibility of the plastic properties of the copper, it 
is only by strict specification and rigid inspection that the method be- 
comes reliable. 


2 For a much more full account, though not now up to date, see Cranz, Ballistik, 
vol. 3 (Berlin, 1927). 
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The copper crusher gage was invented by Noble (1860), and there is 
still no sign of any competitor in routine pressure measurement. The 
copper is usually precompressed to a few tons per square inch below the 
expected peak pressure. It is very rare for a crusher gage to fail: apart 
from forgetting to load the gages at all, almost the only thing that can 
go wrong is the use of a copper already compressed to more than the 
pressure attained in the gun, and even this can be avoided by using 
two gages with different precompressions. 

The reading of the gage depends on the temperature of the copper at 
the time of firing. For ordinary British gages the pressure calculated 
from the tables has to be reduced by 1 per cent for each 10°F that the 
copper temperature is above the standard. At pressures below 5 
tons/sq in. the differences in length produced in the standard gage 
become small, and lead crushers have been used in this zone. 

For routine work it is often sufficient to have an indication of the 
pressure, rather than an accurate value. It is not important if the 
“pressure” deduced is, say, 20 per cent lower than the true pressure, 
provided that all gages behave in the same way and that no attempt is 
made to use their results as true pressures. For gun design and tests of 
theory, such an uncertainty is not allowable. Comparison with the 
piezoelectric gage (discussed later) has shown that, in fact, the copper 
pressure should be multiplied by 1.2 to give true peak pressures. The 
factor depends on the dimensions of the gage, to some extent, and the 
value 1.2 refers only to the standard British gage. For this reason, it 
is desirable to use the same size of gage in all calibers except the smallest, 
where a miniature gage, of lower accuracy, must be used. Since a 
crusher gage reduces the free space inside the chamber, a correction to 
pressure and velocity must be made. This is easily computed from the 
simple ballistic theory of chapter 4. It should be added that the factor of 
1.2 falls slightly below 10 tons/sq in., reaching 1.15 at about 5 tons/sq in. 

The lower deformation of the copper under dynamic conditions is 
attributed to (1) the time lag in the plastic flow, and (2) possibly also 
some friction resisting the motion of the piston when the gage is subjected 
to a hydrostatic pressure of many tons per square inch. On the other 
hand, the inertia of the moving piston must tend to compensate these 
effects. Because of the possibility of friction, when two gages have been 
used the higher of the two pressures is often preferred to the mean. 

In small guns, of less than 6-cm caliber, there is little room for a 
crusher in the cartridge case. If a crusher is used at all, it is usually 
screwed into the wall of the chamber opposite a hole in the cartridge case. 
This is the “radial crusher gage.” Such gages have been used at posi- 
tions down the bore, to obtain pressure-travel curves. When used in 
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this way the gages are given a shock loading as the base of the shot 
passes, and it is likely that they read too high. The correction to be 
applied is a matter of controversy. Crusher gages down the bore are 
in fact useful for discovery rather than proof of ballistic phenomena. 

An accurate pressure-time curve is necessary for research on guns, 
and for this feature it is necessary to sacrifice some convenience and 
speed in obtaining the answer and to accept an occasional failure to 
record a round. The gage must recoil with the barrel, which rules out 
any mechanical type. The piezoelectric gage has been found very 
satisfactory. A tourmaline crystal disk, diameter about 1% in., is cut 
perpendicular to the electric axis and secured by conducting cement to 
two electrodes. The crystal and electrodes are mounted in a gage 
screwed in the gun wall, and the interior of the gage is filled with mineral 
jelly as a protection against the hot gases. The crystal is thus subjected 
to hydrostatic pressure, and a charge, proportional to the pressure, is 
developed at the electrodes. This charge is led via a cable to a small 
condenser, whose voltage is amplified to control a cathode-ray oscillo- 
graph, which is photographed on a revolving drum. 

The charges developed are small; at 20 tons/sq in. a normal charge 
is only 0.1 microcoulomb. Thus, in practice, much attention must be 
given to insulation. To calibrate the gage a dead-weight pressure is 
used, giving a charge-pressure relation. To convert the film record to 
pressure we need also the known input capacitance and the voltage- 
deflection characteristic of the amplifier, oscillograph, and optical 
system. This characteristic is recorded before each shot by switching 
in known voltages. The exit of the shot can also be recorded on the 
film by a muzzle contact. 

Few other methods of measuring pressure have been applied to guns. 
In small arms the weapon can be mounted rigidly and a mechanical 
gage, such as the Thring gage, can be used. Another electrical method 
for finding the pressure-time curve in a gun is to measure the out-of- 
balance current in a bridge of which one arm is a coil of Manganin wire 
exposed to the gun pressure. This method has been used successfully 
by Rheinmetall-Borsig. 


1.22 The measurement of muzzle velocity ‘ 


The Boulengé chronograph was invented at about the same time as 
the crusher gage and has for many years been the standard way of 
measuring muzzle velocity. Previously the only method was a ballistic 
pendulum, which, of course, cut short the trajectory in the act of 
measurement. What is actually measured by the Boulengé is the time 


4 For more details, see Cranz, Ballistik, vol. 3 (Berlin, 1927). 
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taken to traverse the accurately known space between two “screens,” 
of which the nearer is usually a couple of hundred calibers from the 
muzzle. From the observed mean velocity and an estimated retardation 
coefficient of the projectile, the muzzle velocity can be calculated; 
strictly speaking, the velocity so derived is slightly higher than the true 
velocity at the muzzle, because of the acceleration of the projectile in 
its first ten calibers or so of flight, before it gets away from the muzzle 
gases. It is easy to convince oneself, by an approximate calculation, 
that this discrepancy is never more than a few feet per second, and 
therefore negligible. 

Each “screen” has a continuous fine wire, wound backwards and 
forwards to fill the gap in a rectangular frame set perpendicular to the 
trajectory. A current flows through the wire, which is so closely wound 
that the projectile in its passage must break the circuit. The spacing 
of the wire has to be sufficiently fine to ensure that the possible positions 
at which the projectile may hit the screen will cause breaking of the 
circuit at times equal within experimental error. Certain sensitive fuses 
cannot be fired through screens. 

The chronograph invented by le Boulengé measures time by the free 
fall of an iron rod, covered with a soft metal such as copper, zinc, or 
cadmium. The two screens are each in series with an electromagnet. 
Initially the rod is held underneath the first magnet. When the pro- 
jectile breaks the first current, the rod falls freely. At the breaking of 
the second circuit, another suspended rod falls, releasing a spring-loaded 
knife which marks the falling rod. The zero of the fall has been pre- 
viously marked on the rod by holding it suspended by the first magnet 
and opening the second circuit. Thus, the height of fall is known, and, 
likewise, the time of fall. This must now be corrected by another 
constant of the instrument, namely, the time taken for the marking 
process. This can be found by opening both circuits together. 

The Boulengé chronograph is simple, and fairly reliable if the wiring 
and instruments are properly maintained, and if the instrument is 
insulated against the vibrations common to test ranges. Disadvantages 
of this chronograph are the time required to rewire the screens and the 
restriction to firing at low angles of elevation. 

A method that can be used at all angles of elevation is to fire a mag- 
netized projectile through two coils in series at some distance apart 
along the trajectory. For high elevations a high gantry is needed. The 
passage through each coil induces an emf in the circuit, which contains 
an oscillograph recording on sensitized paper on a rotating drum. This 
“solenoid” system does not require any rewiring of circuits, unless an 
unlucky shot hits one of the coils, and it is less temperamental than the 
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Boulengé. To offset these advantages, the shot must be magnetized, 
the result is not known until the film has been developed and fixed, and 
the accuracy is poor if the projectile is yawing badly or is off the axis 
of the coils. 

With a typical base line traversed by the shot in about {9 sec, the 
error in the Boulengé method can be as small as 1 part in 1000. This 
is for large flat-headed shot. With small pointed shot fired at high 
velocities the error can rise to 20 ft/sec. The most important factor 
affecting accuracy in the chronograph, as distinct from the screens, is 
the nature of the solenoid steel. Careless electrical treatment can reduce 
the accuracy of a good Boulengé by a factor of 2 without outward signs 
of damage. 

Other methods of measuring velocities have been developed, some in 
the direction of greater speed and convenience, others toward use on 
ship or in the field. Until now little has been published about these 
more modern methods. 


1.23 Other experimental research 


In this section we shall list a number of experimental techniques that 
are employed to test theories or to suggest problems. Some of them have ` 
been developed to such a stage that they can be applied immediately 
whenever the need arises. One example is the strain gage. A thin 
wire cemented to the surface of a gun barrel converts strains into changes 
of resistance, and if connected in a bridge circuit the short-lived strains 
during the firing of the gun can be permanently recorded by cathode-ray 
oscillograph and camera. Longitudinal or hoop strains can be measured, 
according to the direction of the wire. Full use of this technique requires 
a multichannel oscillograph, which makes a great difference in the con- 
venience of the process. Much valuable and unexpected information 
was obtained in this way during World War II. 

One measurement that is completely standardized is the determination 
of the firing interval. This is effectively the time from the (external) 
act of ignition to the emergence of the shot from the muzzle. This time 
interval is greater than the time required to ignite the charge by the 
time of travel of the shot down the bore. This latter time is roughly 
(travel)/(half the muzzle velocity) and is almost constant from round 
to round. The much larger variations in the firing interval are therefore 
a measure of the irregularities of ignition. In this way has been accumu- 
lated a mass of empirical results about ignition, with at present almost 
no theory to tie them together. 

The measurement of the position of the projectile in the bore at any 
instant is far from being a routine matter. One way is to bore the gun 
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walls at certain points, inserting insulated probes, which are short- 
circuited to the barrel by the passing projectile. This is a laborious 
method, and it gives only the times at which certain discrete points are 
passed. Moreover the recording of a number of positions on a single 
round requires either a multichannel oscillograph or an automatic high- 
speed switching device. Partial results from a number of rounds can 
be collected on simpler apparatus, but in many cases this would raise 
the problem of the reproducibility of the ballistics. 

In small arms it is possible to take a flash radiograph of the barrel 
at a known time from ignition. This method gives less information 
per round than the former. Its principal advantage is the absence of 
any modification of the gun. 

A question the importance of which will become obvious in later 
chapters is the resistance to motion of the shot down the bore. Experi- 
ments to determine this “bore resistance” have been conducted many 
times, usually on small arms. In some cases this choice may have been 
necessary for reasons of economy, though the effect is indeed believed 
to be most prominent in small arms. Unfortunately the time scale of 
the phenomena is shortest in such weapons, and it was not until recent 
years that the natural frequency of the recording systems became 
sufficiently high to give useful results. A full review of the work done 
in this field would be out of place here, being much too long; a review 
of the prewar literature can be found in a paper by Bodlien.§ 

All the methods are really the measurement of the acceleration of a 
body acted on by the bore resistance, together with measurements of 
all other forces acting on that body. It is easiest to take the gun barrel 
itself as the moving body. The forces acting on it are (1) the thrust of 
the recoil system, which if appreciable at the start of recoil can be 
measured by a pressure gage; (2) the pressure on the breech face, ob- 
tained from a piezo gage; (3) the pressure where the chamber narrows 
to form the seating for the shot—this pressure can be estimated by 
approximate theories of the pressure distribution in the gun (chapter 9) 
but is better eliminated by using a chamber of little more than bore di- 
ameter, if one is allowed to design a special apparatus; (4) the bore 
resistance. The acceleration of the gun can be determined from a 
piezoelectric accelerometer. The bore resistance then follows as the 
difference of two large and nearly equal forces. For this reason it is 
not sufficient to find the acceleration by double differentiation of a 
recoil-time record. Numerical differentiation is at best a relatively 
inaccurate process, and two stages make the calculated acceleration 
extremely sensitive to the values read from the recoil curve. Another 


5 Bodlien, Z. ges. Schiess- u. Sprengstoffw., 34 (1939), 33, 65, 97. 


Other Experimental Research 13 


method, which is not so objectionable, is to measure the recoil velocity 
directly and differentiate this. Nevertheless the use of the accelerometer 
is today the best method. 

The development of piezo gages sufficiently robust to be put in the 
projectile has made possible the use of the shot itself as the reference 
body. The forces acting are (1) the bore resistance and (2) the pressure 
at the base of the shot. A piezo accelerometer and a piezo gage exposed 
to the base pressure are carried in the projectile. The circuit is made via 
barrel and shot and is completed by insulated leads running from the 
muzzle down the axis of the gun. When the shot moves, the shattered 
pieces of wire are caught in a cup in the projectile. This method has 
been used in the United States and Germany ê and gives not only the 
bore resistance but also equally valuable information about the relation 
between the pressure at the shot and that at the breech. It should 
be mentioned that it is possible to mount a single piezo gage in the 
projectile to give a direct reading of the bore resistance. The main 
difficulty in these experiments is the ionization of the propellant gases 
escaping past the shot and the spurious signals produced thereby. 

Conditions at the muzzle of the gun can be studied by interferometry 
or by schlieren or silhouette photography. The light source has in the 
past been usually a spark. Recently there has been much improvement 
in light sources for this purpose, as can be seen from the performance of 
the flash sources developed for ballistic work and now available com- 
mercially. 

Gun smoke has in the past been assessed by the verdict of ‘experienced 
observers.” These instruments are not easily prepared, and their 
assessments are not in good agreement. Consequently, this situation 
has led to the construction of smoke meters, often based on the obscura- 
tion of a standard pattern, as seen by a cinecamera. These methods 
have reduced the observational uncertainty but have also demonstrated 
the real sensitivity of the phenomenon to such factors as direction and 
strength of wind and relative humidity. It must be concluded that 
assessment of smoke is possible only in relation to standard control 
rounds fired on the same occasion. 

The recoil velocity of a gun is at most of the order of 30 ft/sec, and a 
space-time record can be obtained by simple apparatus. The Sébert 
velocimeter (1881) has a smoked steel tape, moving with the barrel, 
and marked by a tuning fork of known frequency, mounted on a non- 
recoiling part. This instrument was for many years the only means 
of obtaining a pressure-time record for a gun. The pressure, obtained 
by double differentiation of the space-time curve, was naturally of 


ê Rossmann, Jahrb. deut. Akad. LFF, 1940/41. 
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low accuracy, by any standards. This led to a virtual disregard of its 
results by about 1910, though for guns no substitute appeared until 
twenty years later. Where recoil is absent (closed vessels and small 
arms), the recording crusher gage and the mechanical spring gage were 
of course used. In spite of this limitation the Sébert velocimeter has 
great historical importance, and the theoretical work’ based on its results 
had considerable influence on the development of interior ballistics. 

Except that recording is nowadays by electric contacts spaced along 
an insulating rod recoiling with the barrel, the measurement of recoil 
distance has not changed. Direct readings of recoil velocity have 
recently been made by turning this into an angular velocity and thence 
into an induced voltage. This is more accurate than the differentiation — 
of a space-time curve. 

The ballistic pendulum is another instrument of historical importance, 
which is still used somewhat, though not for its original purpose. Its 
earliest applications were to the measurement of muzzle velocity, in 
interior ballistics, and to the estimation of air resistance, in exterior 
ballistics. Recently the ballistic pendulum has been used to determine 
the influence of a muzzle brake on recoil momentum; the gun on a 
cradle, slung by wire ropes several feet long, is itself the mass whose 
swing measures the momentum. When “recoilless’” guns (chapter 7) 
have their recoil adjusted to zero, this is best done by firing in a ballistic 
pendulum. The largest gun tested in this way seems to have been a 
German 28-cm gun. 


1.3 The classical problem of interior ballistics 


For many years the field of theoretical interior ballistics was almost 
confined to a single problem: given the characteristics of shot, charge, 
and gun, to calculate the muzzle velocity and peak pressure. The prob- 
lem was first taken in this form when both Velocity and peak pressure 
could at last be measured, that is, from about 1860 onward. Before that 
time, pressure could be measured only in crude and dubious ways, and 
the measurement of muzzle velocity itself goes back only one century 
more (Robins, 1740). Thus it happens that what we now regard as 
the central problem of interior ballistics has a history that goes back 
no further than the middle of the last century, though, if only muzzle 
velocities are in question, the history of the problem begins with Robins. 

Making the shot infinitely heavy, we arrive at the problem of the 
“closed vessel.” This apparatus first became important when Noble 


7 Sébert and Hugoniot, Etude des effets de la poudre (Paris, 1882). 
8 For the history of the measurement of pressure and velocity, see Cranz, Ballistik, 
vol. 3 (Berlin, 1927). 
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used his crusher gage in it to measure peak pressures; it became still 
more useful after Vieille’s invention, about 1880, of the recording crusher 
gage. Since that time, it has been important in both theory and prac- 
tice. For many years the “characteristics of the charge” used in the 
theory were derived by analysis of firings in other guns, including as a 
particular case the firings in closed vessels. These were for almost fifty 
years distinguished by the fact that pressure-time curves could be ob- 
tained in closed vessels but not in any other weapon (except small arms, 
whose ballistics are not in all respects representative of larger calibers). 
The difficulty was the disturbance of the recording by the recoil of the 
gun. Thus until 1930 the central problem of interior ballistics was in 
effect: given the characteristics of shot and gun and a knowledge of 
the behavior of the charge in a closed vessel, predict muzzle velocity and 
peak pressure. 

From about 1930 onward the problem was rapidly transformed. The 
cause was the perfection of the piezoelectric pressure gage. First sug- 
gested by Sir J. J. Thomson during the war of 1914-18, the development 
cannot be said to have been completed until roughly 1935. Piezo gages 
of fair performance had been produced before this date, but they showed 
defects in reliability, calibration, and especially in spurious effects on 
the record. Published results up to 1935 were certainly mediocre, but 
the knowledge that accurate pressure-time curves would soon be ob- 
tained in guns had already had its effect on the theoretical outlook. 

In the first place, the pre-eminence of the closed vessel vanished. Pres- 
sure-time records could be obtained even from recoiling gun barrels. 
The closed vessel becoming just another gun, it was natural to wish to 
“explain” gun behavior from some deeper source than closed-vessel data. 
This had already been attempted in some directions; for instance, the 
rate of burning used to be taken from the closed vessel, but during the 
1920’s attempts began to be made toward a calculation of the rate from 
chemical kinetics. This tendency to connect interior ballistics with 
modern physics and physical chemistry is the main trend in ballistics 
today. In the author’s opinion, the change is bound to refresh the 
subject. Nowadays the behavior of a gun is to be calculated, in the last 
analysis, from such data as Planck’s constant and the mass of the electron. 

Second, the advent of pressure-time records meant that theory had 
to concern itself more with the whole course of the phenomena in time, 
instead of concentrating on a few salient features. It is true that the 
pressure-time curve had often been discussed in theory, but this was 
speculation without a check, except to the extent that the special fea- 
tures such as peak pressure had to be correct. Nowadays we ask for 
all the details of the pressure-time relation. This means more work for 
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each complete solution. However, it is pleasing to feel that one is 
approaching reality, and the more routine work can still be done by 
methods that are quicker because they lean more on past experience. 

This transformation of interior ballistics may be compared with the 
revolution in exterior ballistics after 1914. Before that time only one 
point on a trajectory had any interest: the point of fall on the horizontal 
plane. The need for anti-aircraft fire arose in 1914. This meant that a 
shell might be required to burst at any time along a calculated trajectory, 
which therefore had to be correct at every point and not just at the point 
of fall. This led, as is well known, to a great development of ballistic 
theory on the one hand and to much more wearisome computations on 
the other. 

Interior ballistics, likewise, is passing through a period in which its 
scope is being widened. The central problem is still the same, but more 
detail is asked for, and the matter is taken deeper into its foundations 
in pure science. Many accepted features of ballistics are being re- 
examined (for example, the ‘‘covolume,” as in chapter 3), and new 
quantities are being measured (for example, gas temperatures are now 
within experimental reach). 


1.4 The future of interior ballistics 


The solution of the classical problem is today largely completed. The 
problem in which there is a substantial resistance to motion of the shot 
is the only division in which considerable advances are still to be 
expected. 

The classical central problem has also been discussed for the newer 
and still unorthodox types of gun, such as the recoilless gun (chapter 7) 
and the “high-low-pressure” gun (chapter 8). Other novelties will no 
doubt arise. Most of these types can be seen as generalizations of the 
orthodox gun. A striking feature of recent developments is the appear- 
ance of rocket launchers, which are all but guns, and of guns which can 
be discussed approximately by the concepts of rocket theory. It seems 
likely that a union of gun and rocket theory will occur, covering in one 
style of treatment the many new weapons. The present theories of gun 
and rocket do not have much in common, and so the generalization would 
not be simple, nor, for that matter, would it necessarily help our under- 
standing of these extreme cases. It is the development of the half-and- 
half weapons that makes the attempt worth while. 

If we turn away from the central problem, which was for so long the 
only one to attract attention, we find many interesting and little- 
touched fields. A whole set of hydrodynamic problems remain. For 
the orthodox gun, only two variables are involved: time, and distance 
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down the gun. When the barrel is tapered internally (see § 8.4) one 
more variable is introduced into the equations. The new phenomena 
that this can introduce were experienced in development work during 
World War II. Time was then lacking to study the theory, which 
appears to have links with several other fields. The basic connection 
is that the shot velocity can be greater than the local velocity of sound 
in the gas, and the hydrodynamics can be those of subsonic or mixed 
subsonic-supersonic fields. In this way we can relate ballistic phe- 
nomena to transient phenomena in certain nozzles and diffusers. It is 
certain that the hydrodynamics of interior ballistics is capable of much 
development. 

The theory of the optimum ballistic parameters of a gun and charge 
is well understood (see chapter 6), and relatively little remains to be 
done in this field. More fruitful is likely to be the physical chemistry 
of gun propellants. This is touched on in chapter 2, which illustrates 
the kind of problem that arises. The thermodynamic properties of 
propellants have been predicted from statistical mechanics (chapter 3), 
and very little remains to be done on the thermodynamic side of ballis- 
tics. 

The plastic properties of present-day conventional gun propellants 
are understood fairly well from the empirical knowledge of many years, 
but the development of newer types will be slow unless the latest methods 
of high-polymer theory are applied. Propellants are not extremely 
complicated systems, and it is possible that much of the fundamental 
research on high polymers could be carried out on propellants them- 
selves, where the empirical background is more extensive than for most 
high-polymer systems. Indeed, much of the work on swelling and 
gelatinization of solids has been carried out with nitrocellulose. 

One of the most important of the chemical problems is the study of 
ignition. This has been tackled in the past by empirical methods, with 
only the beginnings of a theory to help. This approach has developed 
certain standard layouts of ignition system which have been thought to 
be generally satisfactory. Confidence in these methods has been shaken 
lately; experience has shown that they are satisfactory only for a more 
restricted class of charges than had been thought, while the need to 
consider temperatures lower than in previous experience has revealed 
unsuspected troubles. The more general use of the piezo gage has also 
shown that certain sporadic troubles can be correlated with irregular 
pressure-time curves on every round of the charge concerned. This 
has raised a problem of hydrodynamics as well as of chemistry. This 
particular difficulty has been solved by experimental methods, but it 
serves to show that there is much to be discovered about ignition. 
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Unorthodox guns are also setting new problems, often in a most violent 
and expensive way. The whole subject is ripe for theoretical develop- 
ment. 

To sum up what we see as the future of interior ballistics: the classical 
central problem is not likely to be developed much further, except for 
(1) new types of projector, and (2) substantial resistance to motion of 
the shot; some generalization of the problem is, however, likely to be 
attained. The thermochemistry of ballistics is all but completed. 
Chemical problems set by the burning and ignition of solid and liquid 
propellants are capable of much development; so too is the study of 
plasticized polymers, both from a macro- and a microscopic viewpoint. 
The hydrodynamics of the gun is a field in which the problems are 
interesting and not insoluble. 


1.5 The history of the classical problem of interior ballistics 


As we have indicated in § 1.3, the classical central problem is the 
calculation of muzzle velocity and peak pressure for a gun with a given 
charge. We have indicated that this is no longer one of the more active 
problems of interior ballistics. Nevertheless, it is still of the greatest 
practical importance and covers four chapters of this book. We are 
now going to outline the history of this problem as an introduction to 
our later discussion of modern methods. 

In the earliest days ballistics was not divided into exterior and 
interior ballistics, for the muzzle velocity was not known. All that could 
be said was that a certain weight of powder and a given shot in a certain 
gun at a given angle of elevation produced a certain range. Theories of 
the trajectory could be used to estimate the muzzle velocity, but the 
values obtained had little certainty, and there was no serious attempt 
to relate them to the details of the charge. l 

The first method of measuring velocity that was at all reliable in the 
crude state of early technique was the ballistic pendulum, suggested by 
Cassini (1707) and first used by Robins (1740) for small shot.? In 
Robins’ work we see the first division into interior and exterior ballistics 
and astonishing progress in all aspects of gunnery. Toward the end of 
the eighteenth century larger pendulums were built, capable of measur- 
ing the velocities of cannon balls. Considerable improvements were 
made by the French (Commission of Metz) in the first part of the next 
century, and reliable empirical knowledge about muzzle velocities began 
to accumulate. 

The first attack on the classical problem was purely empirical. For- 
mulas were sought, relating velocity to weights of shot and charge and 


° Robins, New Principles of Gunnery, 2d ed. (1742). 
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gun dimensions. This treatment was repeated again and again by 
various ballisticians, using more reliable and more extensive data, but 
without essential modification. 

The first reliable measurements of peak pressure in guns were obtained 
from Noble’s crusher gage (1860). Henceforward the classical problem 
was clearly defined. The effect on the empirical treatments was to 
stimulate interest in the pressure-space relation. Forms for the pressure- 
time or pressure-space relation were assumed, and the parameters were 
determined from the observed muzzle velocity and peak pressure. This 
gave, it was hoped, the pressure-space relation in a gun that had been 
fired. When the gun existed only on paper, the only difference was that 
the velocity and peak pressure were obtained from empirical rules. 
Treatments of this nature can be traced as far back as Poisson (1826), 
when they were merely uncontrolled speculation, but they are especially 
associated with the names of Vallier,!! Heydenreich,” and Leduc. The 
only “theory” involved is a little integration of Newton’s equation of 
motion. 

Such methods could be tested, at that time, only by double differentia- 
tion of the recoil-time record. This was very inaccurate. Nowadays 
one can use a piezo gage to record directly and accurately the pressure 
as a function of time. This has shown the wide variety of shapes taken 
by the pressure-time curves under different conditions. One is led to 
expect that such methods as those of Heydenreich and Leduc can work 
_ only over a limited range of conditions, as a way of interpolating between 

nearly identical guns and charges. As it happens, the only present- 
day applications known to the writer occur in two gun-design 
establishments," each of which is noted for the ballistic similarity 
of most of its guns and its liking for one particular density of loading 
of charge. 

Another approach to the classical problem attempts to write down all 
the underlying equations. This line was opened in the 1860’s, notably 
by Résal’s enunciation of the energy equation for the shot and the 
propellant gases, followed by Sarrau’s introduction of the equation of 
combustion. Thereafter came a continuous development, especially 


10 Such as Hélie, Balistique expérimentale (Paris, 1865). 

u Vallier, Comp. rend., 128 (1899), 1305; 129 (1899), 258; Mém. poudres, 11 (1902), 
129. 

12 Heydenreich, Kriegstech. Z., 3 (1900), 287, 334; 4 (1901), 292; Lehre vom Schusz, 
vol. II (Berlin, 1908). 

13 The Heydenreich method was used by Rheinmetall until 1945. Leduc’s method 
was in use by the U. S. Navy as late as 1942. 

“ Résal, Recherches sur le mouvement des projectiles dans les armes à feu (Paris, 1864). 

6 Sarrau, Les effets de la poudre dans les armes (Paris, 1876). 
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by Sébert and Hugoniot, and Liouville.” Without entering into 
details, the general trend may be explained. First, the burning of 
gunpowder gave rise to a wide variety of assumptions, which were 
difficult to test because of (1) the low accuracy of the only method avail- 
able for finding the pressure-time curves in guns, namely, the recoil 
velocimeter, and (2) the wide variation between individual grains of 
powder. With the introduction of colloidal propellant of more easily 
controlled shape and size, and the invention of the recording crusher 
gage for finding pressure-time curves in closed vessels, much of the 
difficulty disappeared and the formulation of the burning equations 
became more standardized, though the details still showed a wide 
variety. 

As time went on, more phenomena were included in the equations, 
and a better understanding was obtained of the points that can be 
neglected in producing approximate equations at various levels of 
accuracy. Since by this time, toward the end of the nineteenth century, 
projectiles were spun in the present fashion by a driving band which 
was engraved by the rifling of the gun, the point that gave rise to most 
variety was the resistance to motion of the shot. This is still true today. 

The earliest solutions of the ballistic equations were analytical 
solutions,” so complicated that they were rarely used in practice, or 
else exact solutions of approximations to the true equations. This latter 
class may be said to begin with the work of Moisson ” (1887), and by 
refinement of the approximations this class has led to the ballistic 
methods that are most used in practice. A typical method of this sort 
is given in chapter 4. 

The analytical solution of the (nearly) exact equations in a convenient 
fashion was first achieved by Charbonnier.?! His work has been fol- 
lowed, in spirit though not in details, by later analytical solutions. 
Compared with earlier analytical solutions, the essential differences of 
Charbonnier’s work are: (1) by breaking away from the tradition that 
the burning law was a geometrical property of the individual sticks of 
propellant, he was at liberty to make full use of closed-vessel data; (2) he 
showed that an analytical solution of practical value could be obtained 
by making certain convenient assumptions, solving exactly the resulting 
equations, and calculating the effect of his approximations as small 
perturbations; (3) in particular, he was the first to incorporate the “‘shot- 

16 Sébert and Hugoniot, Etude des effets de la poudre (Paris, 1882). 

17 Liouville, Mém. poudres, 8 (1895), 25. 

18 See Cranz, Ballistik, vol. 2 (Berlin, 1926). 

19 Such as those of Sébert and Hugoniot, and Liouville (loc. cit. ante). 

2 Moisson, Pyrodynamique (Paris, 1887). 

21 Charbonnier, Balistique intérieure (Paris, 1908). 
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start pressure,” idealizing the initial resistance, in an analytical solution. 
His work is probably the clearest expression of the division of the 
problem into primary and secondary ballistic problems. 

In the earliest days, Sarrau ? had noticed that certain parameters 
occurred only in association in his approximate analytical solution. This 
point was developed by Gossot and Liouville # in the following way. 
Writing down the ballistic equations on certain assumptions which they 
thought plausible, they combined the parameters in these equations to 
obtain a set of equations in reduced variables. To illustrate, one might 
replace the shot travel in the ballistic equations by the travel divided 
by the caliber, or by the ratio of the volume swept out by the shot to 
the volume of the chamber. Thus, Gossot and Liouville arrived at a 
set of equations between dimensionless variables, in which the properties 
of gun, projectile, and charge appeared only in combination in the 
parameters of the equations. Instead of trying to solve these equations 
mathematically, they used the data provided by firing trials. The muz- 
zle velocity, for example, is a function of the “reduced” shot travel and 
the parameters in the “reduced” ballistic equations. Each firing gives 
one point of the functional relation. Gossot and Liouville fitted mathe- 
matical formulas to these empirical results, arriving at a set of formulas 
that are suitable for interpolation between existing guns but are of 
doubtful value for extrapolation to entirely different types. 

It can be seen that the Gossot-Liouville method treats the empirical 
data in a much more sophisticated way than the earlier, purely em- 
pirical formulas. The Gossot-Liouville solution obtains a much wider 
generality from a given quantity of data. On the other hand, certain 
assumptions have to be made, such as the relation between the rate of 
burning and pressure, and if these are wrong the predictions of the 
method will be somewhat wrong; if we have several firings with nearly 
the same reduced parameters, the effect of an error in the basic assump- 
tions is a discordance in the empirical results. In this way the method 
is adjusted for best fit. The labor of fitting may be considerable. The 
final formulas are, however, easy to use. As with all empirical methods, 
the Gossot-Liouville method and its successors (for example, the Dupuis 
tables) are only a synopsis of past experience and may be unreliable 
when applied to novel guns. 

The similarity used by Gossot and Liouville was extended by Emery 
(1912),24 who studied in a more detailed way the correspondence that 


2 Sarrau, Recherches théoriques sur le chargement des bouches à feu (Paris, 1882). 

23 Gossot and Liouville, Mém. poudres, 13 (1905), 1; 17 (1913), 1; Balisteque in- 
térieure (Paris, 1922) or Traité des effets des explosifs (1919). 

24 See Emery, Mém. artillerie franç., 2 (1923), 21. 
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can exist among pressure, velocity, space, and time relations in different 
guns. This similarity arises from the structure of the ballistic equations 
and, it must be pointed out, not merely from dimensional analysis. 
Thus, the nature of the correspondence depends on the physical assump- 
tions and the mathematical approximations made. A fuller discussion 
is given in chapter 6.. 

A new kind of similarity was discovered by Réggla * in 1914. Previ- 
ously the correspondence had referred only to charges with the same 
shape of propellant. Röggla was able to show that a certain relation 
existed between pressure-space curves even for different shapes of 
propellant, though the similitude held for only part of the curve. 

Although in general an analytical solution of a mathematical problem 
is far more useful than a numerical solution, in ballistics it is difficult 
to obtain an exact solution except by disregarding certain factors. This 
is usually justified by the remark that, since so much is doubtful about 
the phenomena in a gun, some conscious simplification is permissible. 
Sometimes writers have thought that they knew so much about the phe- 
nomena that it would be a pity to throw away some of their knowledge 
for the sake of an analytical solution. They have therefore made 
numerical solutions of the equations. Usually the results have been 
presented in reduced variables to cut down their bulk. Such “grids” 
of solutions have been prepared by Charbonnier and Sugot (for the strip 
propellant used in France) and by Bennett for American charges of 
multitubular chopped grains. Furthermore, numerical solutions have 
sometimes been given as graphs in reduced variables, as by Réggla.* 
The production of numerical tables is likely to be the form adopted for 
most future work on the central problem of interior ballistics. The 
reason is not that we are so sure we now know all about ballistics, but, 
rather, that the time and expense needed to construct a grid of nu- 
merical solutions is much less than when the Charbonnier-Sugot and 
Bennett tables were made. Desk calculating machines are now uni- 
versal; also the differential analyzer and various high-speed comput- 
ing machines can mass-produce solutions at a reasonable cost, though 
the initial outlay is large. In England, National accounting machines 
have been used for such integration, as well as for their normal role of 
differencing the final tables; although the model of the National used 
has only 6 registers and multiplication has to be done on a separate 
desk calculator, the machine is reasonably fast in most ballistic appli- 
cations. 


% Réggla, Mitt. Gegenstände d. Artill. u. Genie-wesens, 45 (1914), 1, 149. 
2 Roggla, Neue Diagramme fiir die angewandte innere Ballistik (Pilsen, 1931). 


The History of the Classical Problem of Interior Ballistics 23 


Of the various lines of attack on the central ballistic problem, only 
the purely empirical is not illustrated in this book. For the semi- 
empirical approach via the theory of ballistic similarity, we may refer 
to chapter 6. Exact analytical solutions of nearly exact equations are 
given in the first part of chapter 5. An example of an exact analytical 
solution of heavily simplified equations is discussed in chapter 4. A 
table of numerical solutions is given in chapter 8. 


Gun 
CHAPTER TWO 
Propellants 


2.1 Propellant compositions 


From the earliest days of firearms down to the 1880’s, the energy was 
supplied by black powder. This was a mixture of potassium nitrate, 
charcoal, and sulphur, whose composition became stabilized at about 
75:15:10 parts by weight. By the seventeenth century the fine powder 
had been replaced by small grains. The rate of burning depended on the 
degree of compactness and on the average particle size. By “burning” 
we mean, as usual in interior ballistics, an exothermic decomposition 
in the absence of air. Just before its eclipse, the ballistic properties of 
gunpowder were greatly improved by the invention of more strongly 
compressed grains of definite shape and size; these could be produced 
in sizes matched to particular guns. 

Nitrocellulose ! was discovered in 1845 by Schénbein. Prepared by 
nitration of cellulose, the product retained the porous nature of the 
latter. Burning could be set up, but it passed over into detonation 
(10° times as fast a decomposition), in an uncontrollable fashion. Not 
until the 1880’s was it found that the physical macrostructure of nitro- 
cellulose could be changed by swelling it in a solvent such as alcohol 
and ether, squeezing the putty-like mass through a die to give long 
strips, cords, or tubes, and then removing the solvent by hot air. The 
product was smooth and rather brittle. It could be ignited in a gun 
by a small quantity of black powder, and burning proceeded smoothly 
from the outer to the inner layers without evidence of detonation under 
normal conditions. The new form of nitrocellulose had many advan- 
tages over gunpowder. The charge weight needed for a given muzzle 
energy was divided by 2 to 3, there was far less smoke, and the pressing 
operation allowed the shape and size of the propellant to be chosen to 
suit a particular gun. Once the proper solvents had been mastered, the 
extent of the nitration could be varied (between about 114% and 
1314% N) to give propellants with different properties in respect to 


1 Usually abbreviated to NC. 
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erosiveness, specific energy, and smoke. Finally, small amounts of 
stabilizer could be incorporated, giving a storage life of many years in 
temperate climates, and the nitrocellulose “powder” was less sensitive 
to moisture than gunpowder had been, and far less sensitive to shock 
and friction. 

It was soon discovered that not all the swelling need be done by an 
extractable solvent. It was found that nitroglycerine ? and nitrocellulose 
could be taken up by their common solvent, acetone, and only the 
acetone extracted after pressing. This gave greater control over the 
properties of the product and, if desired, greater specific energy, a 
quality prized in the early days. For example, the first British standard 
smokeless propellant was Mk I, a 40/60 nitrocellulose-nitroglycerine 
composition of high specific energy, very hot products, and an erosive 
power first appreciated in the South African war. Extruded as long 
cords, cut to the length of the gun chamber, it was called ‘‘cordite’’; the 
name survived for many years and was used for all gelatinized propel- 
lants, no matter what their shape. This was no more misleading than 
calling them Pulver or “cannon powder” ; however, the word “‘propellant”’ 
is now favored. 

The unit of propellant is usually called a “grain,” where it is not 
desired to imply any special shape such as a cord or a ribbon. 

The conversion of nitrocellulose into a gun propellant had been in 
men’s minds for forty years before it was achieved, and there had been 
several close approaches to the solution. It is not surprising that there 
has been some controversy about priority. The discovery is usually 
credited to Vieille (1886), but many German writers claim priority for 
Duttenhofer. The period was marked in England by a famous lawsuit 
over patents. 

The time and expense involved in putting solvent into propellant and 
then taking it out again was made obvious in the First World War. 
In 1912 the Germans had in fact made an important advance, which 
was disclosed at the end of the war. Within a few years most nations 
were producing ‘“‘solventless’ cordites 4 as part of their normal output. 
A typical composition is-40:50:10 parts by weight of nitroglycerine, 
nitrocellulose (12% N), and carbamite (ethyl centralite). Easy gelatini- 
zation with this solvent is helped by the relatively low nitration of the 
cellulose. The solvent here is nitroglycerine-carbamite, which is a 
better one than either of the separate components. The carbamite also 


2 Usually abbreviated to NG. 

3 Muraour, Mém. artillerie franç., 2 (1923), 503. 

4German: POL = Pulver ohne Lösungsmittel; French: SD = sans dissolvant; 
British: SC = solventless cordite. 
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acts as a stabilizer, by removing the products of decomposition of the 
propellant, which otherwise have an autocatalytic effect. This is, of 
course, the function of the stabilizer in solvent as well as solventless 
cortlites, and a wide range of organic compounds can be used for this 
purpose. The carbamite here also serves to reduce the temperature of 
the propellant gases. 

Solventless cordites are almost essential for rockets, where the web 
is usually measured in inches; the time to dry out solvent from the 
interior of such a grain would be far too long to be acceptable. 

Just before the Second World War the Germans introduced diethylene 
glycol dinitrate (DEGN) in place of nitroglycerine in much of their 
propellant production. The new G-Pulver was derived from indigenous 
sources, none of which were foodstuffs. This was the main aim,’ but 
it is not to be assumed that this was the sole advantage. It is possible, 
for example, to reach lower gas temperatures in this way. Another 
constituent favored lately has been nitroguanidine, used, for example, 
by the Germans in ‘“‘Gudol,” a solventless cordite of nitrocellulose, 
nitroguanidine, DEGN, and stabilizer, the main constituents being in 
the ratio of roughly 40:30:30. 

The question of the best constituents for a propellant has pai 
investigated more thoroughly in the last few years. There are two pos- 
sible approaches. One is to try various substances in propellants, learn- 
ing how to handle and incorporate them in the gel and finally evaluating 
the product by closed-vessel tests. The other method has been taken 
up more recently, especially by Dr. Laidler in Canada. In this the ther- 
mochemical behavior is worked out theoretically for any assumed com- 
position and the best compositions chosen; for example, the best of a 
series of coolants can be picked out. The best constituents being known, 
an attempt is made to turn these into a propellant. This is always a 
difficult and not always a possible task, and so it is encouraging to know 
that the effort is being centered on a composition which, if it can be 
made to burn regularly, will have very good ballistic properties. Expe- 
rience has shown that the step from thermochemical calculations to 
approval as a standard-production propellant-is difficult and long. 


2.2 The arrangement of the propellant charge 

It is desirable to know a little about the form of a propellant charge 
and its arrangement in the gun. There is a great deal of scope for 
ingenuity in the arrangement, particularly for howitzer charges. Here 


5 An interesting account of the development has been given by Gallwitz, the man 
chiefly responsible, in Die Geschiitzladung (Berlin, 1944). G-Pulver was named after 
Gallwitz. 
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the different charges must have acceptable regularity and be easily 
changed without possibility of accidental overcharging, and the layout 


must be sufficiently rigid not to be disturbed by rough usage. 


technical tricks which help to solve these problems have 
not, so far as the author knows, been published, nor are 
they essential here. Only a sketch of the general ar- 
rangement need be given. 

Guns are classified by the method of sealing the 
propellant gases. In a BL gun this obturation is per- 
formed by some device in the breech mechanism, such 
as a pad or ring; in a QF gun the obturation is provided 
by the cartridge case. The names BL and QF were 
originally abbreviations of “bag loading” and “quick 
firing,” but these terms no longer cover all the classes 
denoted by BL and QF. It is to be noted that, when 
a cartridge case is used, the shot can be either held in 
the mouth of the case (fixed ammunition) or loaded into 
the gun before the cartridge (separate-loading ammuni- 
tion). Furthermore, the fact that a cartridge case is 
used is no guarantee that the gun isa QF type. There 
is at least one class of gun that uses a cartridge case 
but provides the gas sealing by a device built into the 
breech. This must be classified as a BL type. 

Figure 2.1 shows a typical arrangement of charge in a 
QF gun firing fixed ammunition. The propellant is cut 
to fit the whole length available, from shot base to 
primer. The propellant is therefore ‘‘made to measure.” 
Fixed ammunition almost invariably implies that we are 
making full use of the capabilities of the gun, and that the 
charge is therefore sufficiently bulky to fill the chamber. 
Indeed, the difficulty is often to load into the case all the 
charge desired. This has led to the use of granular pro- 
pellant in which the length of the pieces is of the same 
order as their other dimensions. American multitubular 
propellant is an example. Such granular propellant is 
easily loaded by pouring and makes full use of the 
available space, even in strongly necked cartridge cases. 


The 


Fig. 2.1 
Typical round 
of fixed ammu- 
nition for a QF 
gun, with stick 
propellant held 
in a rigid bun- 
dle by silk 
ties, the sticks 
extending the 
full length of 
the cartridge 
case from pri- 
mer to shot 

base. 


A graphite glaze is often used to reduce the risks from static electric- 
ity during the filling; the cynical insist that the graphite is really 
to improve the appearance of the propellant. Granular propellants are 
harder to ignite, probably because the gases and hot particles from the 


primer can reach only part of the charge surface, 
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QF separate-loading ammunition is used in certain large guns merely 
because the fixed round is inconveniently heavy and bulky. In such 
examples the arrangement is the same as in Fig. 2.1, except that the 
mouth of the case is closed by a cardboard or metal lid, which is con- 
sumed on firing. Separate loading is also used in howitzers, where, to 
get high accuracy at the target, the velocity is adjusted to keep the gun 

elevation near 45°. The number 
of separate charges used may be 
as many as ten. They are obtained 
by suitable choice from a number of 
component charges, each wrapped 
in a silk or cloth bag, and all carried 
eee Cane, eae in the cartridge case. The design 
—————— | of such charges needs a great deal 
of skill. A typical layout is shown 
in Fig. 2.2. 

In guns with long chambers it is 
often necessary to use supplemen- 
tary igniters part way along the 
charge. In a really big gun a charge 
the full length of the chamber would 
be too long to handle, and so the 
charge is loaded in several bags, 
which together fill the length of the 


Fig. 2.2 Typical separate-loading a a4 
cartridge for a QF gun. This is a Chamber. Auxiliary igniters are sewn 


relatively simple example, with four on one or both ends of the bag. 
“doughnut” bags of propellant. sur- When we come to such details, the 


rounding a rigid core of short sticks, 
sitting on the primer. The lid is of thin 
board or consumable metal. 


possible variety of designs becomes 
large, and nearly all of them could be 
illustrated by one or more examples 
from actual charges. This shows the difficulty of laying down any 
general rules about ignition. It can be said, however, that, when the 
ignition satisfies the proving ground, the matter can be omitted from any 
theoretical work. 

In BL guns the gas and hot particles from the gunpowder igniter enter 
the chamber through a vent. This has the advantage that, in the event 
of a misfire, the main initiator can be replaced without opening the 
breech. 

Granular propellant is not a happy choice for BL guns, since the charge 
lacks rigidity. Variations in the shape of the bag lying in the chamber 
have striking effects on the peak pressure, especially at densities of 
loading over 0.6 g/cc. Hence the use of “stacked” charges of multi- 
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tubular propellant in bag-loaded guns. It would appear to be simpler 
to use long grains, of tubular or ribbon shape. 

There has been little theoretical research on ignition of propellants. 
The early part of the pressure rise in guns is not known accurately, but 
it is not of much importance—the outstanding difficulty in this region 
is the nature of the initial motion of the shot. One obvious way to 
include the process of ignition is to introduce the fraction of surface 
burning at any instant. It is known from experiment that this is not a 
suitable technique and that the most promising approach would be on 
the lines of the theory of chain reactions. The field has been little ex- 
plored, and a mass of disconnected empirical knowledge awaits a theo- 
retical co-ordination. 

With regard to the classical field, the main problem of interior ballis- 
tics, it is quite proper to neglect the process of ignition. For an igniting 
charge of gunpowder or fast-burning porous nitrocellulose (German: 
Nz Man P = Nitrozellulose Manöver Pulver), weighing rarely much more 
than 1 per cent of the main charge, is sufficient to give regular ignition, 
and its direct contributions to peak pressure and muzzle velocity are 
certainly less than 1 per cent. They may be neglected in present-day 
theory. For a range of weights of igniter, varying by a factor of the 
order of 2, the regularity of ballistics is substantially constant. It is 
in this range that one can, with some confidence, assume that all the 
propellant surface is ignited before the shot starts. This is the common 
assumption in theories of the central problem of ballistics. 

For increasingly large igniters the peak pressure rises and the velocity 
tends to fall, while smoke increases. With very weak igniters the “firing 
interval” (between striker blow on the gun and emergence of the shot 
from the muzzle) increases and becomes irregular. The former indicates 
too small a reserve of igniting power. The irregularity of the firing 
interval is even more annoying in naval guns, whose firing is controlled 
from a roll indicator on the assumption of constant firing interval. 

Gunpowder contains potassium nitrate, which helps to reduce ‘‘flash”’ ; 
1 or 2 per cent potassium nitrate or sulphate is often added to propellants 
to make them flashless. Big igniters are often sufficient to cure a not 
too violently flashing charge. The corollary is extra smoke, partly 
because of the hygroscopic potassium salts, and also because the ex- 
plosion which gives the flash serves to dissipate smoke. Porous nitro- 
cellulose, which was used as a main component in German ignition 
systems, has neither the hygroscopicity, the mechanical weakness, the 
smokiness, nor, on the other hand, the flash-reducing properties of black 
powder. A combination invented recently by the Germans is NSP, a 
blend of 75.8 per cent gunpowder, 24 per cent nitroglycerine and 0.2 
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per cent diphenylamine, which forms hard grains more resistant to 
rough usage than gunpowder grains, is only weakly hygroscopic, and is 
said to be a better igniter than gunpowder. A point that may become 
important is the reduction of the amount of sulphur in the charge. 
Sulphur reacts with the gun bore to give products that are thought to 
be easily eroded, and so the reduction of sulphur may be accounted a 
substantial virtue of nitrocellulose in ignition systems. 


2.21 Propellant shapes and the geometrical form function 


Consider a long cord of propellant, of initial diameter D, burning 
under a pressure P. Let the rate of recession of the propellant be 
uniform over the surface of the cord, and written as 4%B(P). Let 
Co(t) be the amount of gas generated up to time t, where C is the initial 
weight of the cord; ¢ therefore runs from 0 to 1. Let fD be the diameter 
of the cord remaining at time ¢. 

Neglecting the small contribution from the burning of the ends of 
the cord, we have the geometrical relation, 


¢=1-f (1) 
and the expression of our definition of the rate of burning: 
D T = —B(P) . (2) 
dt 


f is found to be a convenient variable in the solution of the equations of 
interior ballistics, but, as it appears only in these two equations and not 
in the other fundamental equations, we may eliminate f, giving 

dp 2B i 

A (3) 
These equations are clearly true for any number of long cords. 

The importance of the web size D in ballistics is analogous to the 
part played by the dimensions of the unit of fuel in a coal or wood fire. 
The influence of this on the rate of consumption of fuel, and especially 
on the rate of building up to a steady state, is familiar to everyone. 

Analogous relations may be written down for other shapes. Consider, 
for example, long tubes of initial external and internal diameters dı 
and də, with 

D = 3(d, — də) 


and fD as the annulus remaining at time ¢ Then the geometrical 
relation is 


t= l= (4) 
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and the burning rate is still the same as in equation 2, leading to 
=> © 


This assumes that the rate of burning is the same on all surfaces of the 
propellant and that the inner and outer surfaces are coaxial. 

Both shapes may be brought into the same scheme by choosing the 
dimension of the grain along a direction normal to the surface at two 
points of intersection where the direction is in one instance passing into 
and at the other passing out of the propellant; the smallest such dimen- 
sion, if one exists, is called the web size D. Thus for cord, D is the 
diameter; for tube the diameter is the direction normal to the surface 
at two intersections (in fact, at four), and the smallest such dimension 
is the annulus, defined by 


Next we define fD as the remaining web when a fraction ¢ of the propel- 
lant has been turned into gas. From the definition of the rate of burning, 
DŽ = -B(P) 2) 
dt 
For certain shapes, ¢ = 1 when f = 0. For a still more restricted class 
of shapes, ¢ and f are related geometrically by 


@= (1 —f) + Af) (6) 


where @ is a constant for a given shape. For example, 0 = 0 for tubular 
sticks and @ = 1 for long cords. 

We shall use equations 2 and 6 again and again in this book, and so 
we must discuss the subject of how many of the shapes used in practice 
do obey our very special assumptions. It may be seen that we have 
defined D by reference to a direction which will not exist for a shape 
chosen at random. For shapes of fairly high symmetry D will have 
a meaning. The definition of f and equation 2 then follow without 
exception. There is, however, no guarantee that, when this dimension 
has been eaten away, all the solid propellant will have turned into gas; 
only for simple shapes does this occur. Finally, equation 6 is a very 
special form. We shall discuss the most common shapes, to illustrate 
the different possibilities. 

With long cords and tubes there is no difficulty. The web is easily 
found, and equation 6 holds with 6 = 1 and 0, respectively. Equation 6 
may be referred to as the “form function,” with 6 as the “form factor.” 
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6 is a measure of the change in the area of the burning surface as burning 
proceeds: the burning surface of a long tube remains constant (@ = 0); 
the area of a cord decreases to zero as the burning proceeds. The ratio 
of initial and final surfaces is (1 + 6)/(1 — 6). Thus the larger 6, the 
faster the surface decreases, and the faster the drop in the rate of evolu- 
tion of gas at constant pressure. Shapes of positive @ are said to be 
“‘degressive,”’ those of negative 6 to be “progressive.” Shapes, such as 
tube, with 0 = 0, are sometimes said to be “neutral.” 


Fig. 2.3 Form functions with 0 from —1 to 1, and the form function for spherical 
or cubical grains. 


The possible range of @ is restricted. 6 cannot be less than —1, for 
otherwise ¢ is negative for f near unity. Nor can 6 be greater than unity 
for then ¢ would be greater than unity for some accessible range of f. 
This does not mean that cord, with its 0 = 1, is the most degressive 
shape possible. The sphere has a surface which decreases even more 
rapidly (see Fig. 2.3). In this case D comes out, by our prescription, 
as the diameter, and ¢ = 1 when the remaining diameter is zero. It 
is not true, however, that equation 6 holds with any value of 6. The 
true geometrical form function is 


ge1-f (7) 


That equation 6 is not true for spheres or cubes is not a serious dis- 
advantage. Such highly degressive shapes are but little used, except 
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in shotguns. Cord chopped into short lengths is a near approach. This 
propellant is used sometimes in small arms and infantry mortars, 
weapons not usually given a serious theoretical study. Almost all shapes, 
including cubes, could be covered by writing ¢ as a cubic in f, but analyt- 
ical solution of the ballistic equations is more difficult with a cubic than 
with a quadratic. 

Between 0 = 0 (tube) and @ = 1 (cord) lie a group of smile shapes, 
which have arisen as practical approximations to tubular propellant. 
Tube has the property that the internal perforations bring air into the 
the cartridge case rather than propellant. To load a desired large 
charge in a given chamber, one must sometimes reduce the perfora- 
tion to a point at which the behavior of the whole charge becomes 
unsatisfactory. Occasional abnormally high pressures appear, often 
associated with an unusually low or even negative temperature coeffi- 
cient of the peak pressure. These are believed to be due to the increased 
“erosion” of the wall of the perforation by the outflowing gas, with extra 
pressure building up inside the stick and a general tendency toward 
instability. The Germans, who used tubular propellant (RP = Réhren- 
pulver) for all but their howitzers, had a rule that the internal diameter 
should not normally be less than four thirds of the annulus. If abso- 
lutely necessary to reach a desired density of loading, the perforation 
was reduced further, with great caution. 

Higher densities of loading can be attained by employing long thin 
strips, a form popular in France and used a little in Germany 
(Str P = Stretfenpulver) and in England (“ribbon”). Strip has the 
further advantage that it needs no extrusion press. The strips are 
normally sufficiently long for the burning of this dimension to be negli- 
gible; the width of the ribbon is usually about ten times its thickness, 
which makes @ about 0.1. By reducing the length of the strip @ is in- 
creased; when the grain has become a thin square plate of side nD 
(British: “flake”; German: B] P = Blédttchenpulver) 0 is 2/n; n is usually 
about 5, and @ is then 0.4. As a special case, Continental secondary 
charges for mortar bombs are made from packets of horseshoe-shaped 
thin plates (Ringpulver), which are easily slipped on the tail shaft of 
the bomb. Flake propellant is often used in place of tube where the 
wall thickness of the latter would be so small that the grain would be 
fragile. Short tubes can be used in the same circumstances. 

There is one popular shape for which a web size D exists, according 
to our definition, yet the charge is not all burnt for f = 0. Consider a 
long circular cylinder (Fig. 2.4) of radius R, pierced by two holes of 
radius a; their axes are parallel to the axis of the cylinder and lie a dis- 
tance (R + a)/3 away from it, and all three axes lie in the same plane. 
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Then the web size is, by our definition, (2R — 4a)/3. As burning 
proceeds, the surface at first increases, so that the shape is progressive 
in this stage. When the shortest distance (2R — 4a)/3 has been burned 
through, f is zero by definition; yet it is obvious that two slivers of 
propellant remain. These burn with decreasing surface. 


It is clear that ¢=(1—f)(1+@f) 


cannot be even a rough representation of the burning of this shape unless 
we modify the web size. Taking D as „(2R — 4a)/3, we may choose 
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Fre. 2.4 Cross section of a twin- Fig. 2.5 Cross section of a seven- 
perforated cylindrical grain. perforated grain. 


O 
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u and 9 to secure best over-all agreement with the accurate form function, 
which is easily calculated. jw will be rather greater than unity. Until 
the breakup of the shape, 6 ought to be negative, and afterwards 0 
ought to be near unity. On balance, the best 0 is slightly negative. 

Long twin-perforated tube has not been used, except as an experimental 
form in Britain in the first decade of this century, but it serves to explain 
how to deal with multitubular propellant. This has seven perforations, 
symmetrically arranged as in Fig. 2.5, and the grain is chopped short to 
help ignition and loading; a common shape has a length about 2) times 
the diameter, or 25 times the diameter of the perforation. .The effective 
web size is roughly 20 per cent greater than the least thickness, and, up 
to sliver point (¢ = 0.85), 0 is about —0.2. Although the progressive 
effect of the seven perforations is rather counterbalanced by the degres- 
sive burning of the 12 slivers, still an average 6 for the whole burning is 
slightly negative, of the order of —0.1. 

Multitube is popular and, in fact, almost standard in the United 
States for cannon powder. Its use has spread to Russia, and it has 
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been used to some extent in England. Although multitube has not been 
used much in Europe, in the recent war the Germans produced some 
experimental lots of 19-hole and 55-hole propellant for an 8-mm machine 
gun. In their search for a progressive charge they even made some blocks 
with 361 holes, whose performance seems to have been a disappoint- 
ment. “Rosette” powder, which is multitube with scalloped exterior, 
was at one time used in the United States, in the hope that the elimina- 
tion of the 6 outer slivers would make the propellant more progressive. 
It was tried again during World War II, and dropped when firings failed 
to show any advantage. 

Inhibition of burning by eating certain surfaces of the propellant is 
an established technique in the design of rockets. Although it has not, 
to the writer’s knowledge, been applied to gun propellants, except on 
the experimental scale, inhibition would make possible a negative 8. For 
example, a single-perforated tube with the external surface prevented 
from burning would have 0 = —}4 if the internal diameter were half the 
external diameter. For a vanishingly thin perforation, 6 = —1. 


2.22 The true form function 


The form function was derived in the previous section from geo- 
metrical arguments. Whether propellants actually obey 


df 

D— = —B(P) (2) 
dt 
E= (1 —f)(1 + &) (6) 


is, however, a question of physics, not of geometry. The answer is 
found to be that equations 2 and 6 are nearly always a sufficiently good 
approximation, though f has no simple geometric meaning, and 0 may 
have to be rather different from its ‘‘geometric value.” Finally, the 
behavior in the gun is not the same as that in the closed vessel. 

(a) Burning in the closed vessel. To begin, let us take those effects 
that are common to the gun and the closed vessel. We have assumed 
that the rate of burning is the same on all surfaces. Where perforations 
occur in the propellant grain, the gas passing out increases the rate of 
burning in the channel, an effect known as “erosion of the cordite.” 
For a discussion of the mechanism, see § 2.41. The effect is most marked 
for cool propellants. The effect at any time depends on both the size 
of the perforation at that time and on the density; hence, the form func- 
tion is not just a function of the grain shape but depends also on the 
density-time relation: that is, on the gun or closed vessel used. In 
practice, the result is to alter 6 by an amount that can be as much as 
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0.2 in a pronounced case, depending on the grain shape, nature of the 
propellant, and peak pressure. 

We have assumed that a propellant charge is composed of a number 
of grains, identical in shape, size, and rate of burning. A little examina- 
tion with a micrometer shows that there are, in fact, considerable varia- 
tions in size from stick to stick. When it is considered, also, that 
propellant compositions are merely nominal, in spite of being tabulated 
to 0.1 per cent, it can be expected that the rate of burning will also 
be variable from one grain to another. Records of the variation of 
size within a sample are made for each lot of propellant, but it is 
difficult to find any nondestructive test that will do the same for rates 
of burning. Dupuis and Chalvet have graded part of one “lot” of 
solvent strip powder according to the web thickness, which before grad- 
ing had a standard deviation of 3 per cent; this they say is about half 
that usually found for French solvent propellants. Samples with a close 
range of webs were then fired in a closed vessel. By analyzing the 
pressure-time curves, using the Dupuis theory’ of the statistical dis- 
tribution of the initial and final times of burning, it was deduced that 
these time intervals had a standard error of the order of 10 per cent. 
One can verify this by examining the variation of the mean rate of the 
samples fired and, hence, calculating an approximate standard deviation 
(~ 10 per cent) of the rates for single sticks. 

Consider a charge of tubular propellant, with 6 = 0. If part of this 
charge has its rate of burning increased, the mean rate of burning of the 
charge is increased. The rate of evolution of gas, at constant pressure, 
drops when the faster tubes have been burnt but does not drop to zero 
until the slower part of the charge has been consumed. The charge has 
become degressive, and, if the behavior is represented by our standard 


form function, = (1—f)(l +6) 


the value of'@ is positive. If part of the charge is made slower burning, 
rather than faster, the mean rate of burning falls, rather than rises, 
but 6 increases in both cases. Any heterogeneity increases @. 

This is equally true if the heterogeneity is within the individual grain, 
instead of being a grain-to-grain variation. Dupuis and Chalvet 
(loc. cit.) have shown that the thickness of a ribbon of propellant varies 
from edge to center. This causes a spread of burning times between 
different parts of the surface of one and the same strip. Another 
common fault has been discussed by Kleider.* In dealing with tubular 


6 Dupuis and Chalvet, Mém. artillerie franç., 18 (1939), 37. 


7 Dupuis, ibid., 17 (1938), 799. 
8 Kleider, Z. ges. Schiess- u. Sprengstoffw., 38 (1943), 131. 
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propellants, we have assumed that the inner and outer surfaces are 
coaxial, as, indeed, the manufacturer hopes they will be. Inspection of 
real tubes shows frequent deviations from coaxiality, amounting to a 
variation of web size around the tube. Kleider has calculated the 
geometric form function for a rather extreme case, in which the diameters 
are 1 and 0.6 and the axes are 0.1 unit apart. The rate of burning can 
be absorbed into the unit of time, and, since the rate is taken to be con- 
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Fie. 2.6 ¢ as a function of time for tubular propellant burning at a constant rate. 

Kleider’s result for eccentric surfaces refers to the cross section shown. An excellent 

approximation is obtained by the standard form function with two-thirds the normal 
rate of burning and @ = 0.75. 


stant, the time is proportional to 1 — f. In Fig. 2.6 are plotted his 
¢(t) curve, together with that computed from 


$= (1 =f) +9) 
p 
dt 


where D is the mean web, B is two thirds of the rate assumed by Kleider, 
and @ is 0.75. The curves agree to within 0.02 in ¢ at all times. This 
example has as large a deviation from coaxiality as could be expected. 
Even so, the increase of 0 by 0.75 is striking. It is not unlikely that the 
form factor of real tubular propellant is raised by, say, 0.2 on this 
account. 


= —B 


38 Gun Propellants 


6 is increased if there is delay in igniting any part of the surface. This 
is not likely to be important, except perhaps for chopped propellants at 
high densities of loading. A statistical analysis of the matter has been 
published by Dupuis.’ 

The quantity f was originally defined as the fraction remaining of 
the initial web size. It may now be seen to be the fraction remaining 
at one particular kind of place, namely, at points where D/B has the 
largest value attained sufficiently often to be of importance in the rate 
of evolution of gas. “Erosion” alters B differently at different points 
of the surface; the effect varies with time. Obscured by these refine- 
ments, f becomes Just a convenient quantity, which splits up the burning 
law, 


p% = B(P)[(1 + 0)? — 464] (8) 


into the mathematically more tractable set, 
@= (lL =f) + a) 


D a = —B(P) ©) 
dt 

To sum up, the propellant burns in the closed vessel as if it has a @, 
which may be 0.2 or 0.3 away from its geometrical value. The latter 
is almost always too low. 

A word on the history of form functions may be inserted here. Pio- 
bert’s law (1839), that the rate of burning is the same on all surfaces 
of a grain, was enunciated for gunpowder, for which it is probably 
untrue. After the discovery of gelatinized propellants in the 1880’s, 
Piobert’s law and the emphasis on the single propellant grain rather 
than on the assembly of grains led to an acceptance of the geometric 
form function. This was criticized by Gossot and Liouville © and in 
a still. more iconoclastic manner by Charbonnier." Throwing aside 
any geometric form, he relied on the closed vessel for the form function 
of a complete charge. Since the geometric approach gives 


d 

for cubes = = B(P)(1 — ¢)” 
d 

for cords e = B(P)(1 — ¢)% 


® Dupuis, Mém. artillerie franç., 17 (1938), 799. 
10 Gossot and Liouville, Mém. artillerie marine (1905), 122. 
u Charbonnier, ibid. (1905), 591. 
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and for tubular propellant 


do 

— = B(P)(1 — ¢)® 

E7 (P)(1 — ¢) 
therefore Charbonnier took 

do 

— = B(P)(1 — ¢)8 

7 (P)(1 — ¢) 


for nominally degressive or neutral shapes, and determined 8 and B(P) 
from the closed-vessel record. 

The two opposing points of view having been established, there had 
been little further development of ideas on the form function at the 
time Cranz ? summarized the history to 1926. Since then the statistical 
theory of slightly heterogeneous charges has been advanced by Dupuis,” 
while “erosion” of propellant has been lately the subject of quantitative 
study, not yet published. 

(b) Burning in the gun. The conditions of burning in a gun chamber 
are in one respect quite different from those in a closed vessel. In the 
latter, the gas streams out along the normals to the propellant surface, 
and, if the charge is not concentrated near one end of the vessel, the gas 
velocities parallel to the burning surface are nowhere large. On the 
other hand, it is shown in §9.5 that in a gun the propellant moves 
with only a small fraction of the velocity of the shot at the same instant. 
The distribution of gas velocity along the bore at a given time is not 
known accurately for the period before the propellant has been com- 
pletely burnt; it is usually assumed that the gas velocity is proportional 
to the distance from the breech. However, it can be said that the pro- 
pellant burns in a gas stream moving parallel to its surface, with relative 
velocities of some hundreds of feet per second. This increases the rate of 
burning, an effect called “propellant erosion.” This has been mentioned 
already, as operating in perforations of the propellant, in closed vessel 
and gun alike, but the application considered here is to all surfaces of 
the propellant; cord, for example, which has only external surface, is 
“eroded” in this way in the gun, and not in the closed vessel. In the 
gun, then, the propellant at first behaves as in a closed vessel, later 
showing a rate of burning greater than that found in the closed vessel 
at the same pressure. Near the end of burning, the effect may decrease 
again, since the gas velocity at the propellant increases but slowly at 
this time, while the propellant velocity rises rapidly—the relative velocity 


12 Cranz, Ballistik, vol. II (1926), p. 120. 
13 Dupuis, Mém. artillerie franç., 17 (1938), 799. 
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can therefore fall. Further, the very last stages of burning are marked 
by a decreasing burning surface. 

The resultant of these effects is obviously complex, and changes in 
B(P) and 6 can serve only as an approximate representation. The 
ballistic importance depends chiefly on the relative positions of ‘‘maxi- 
mum pressure” and “all burnt.”” The separation of these is normally 
greatest for cord charges, and for these the effect is chiefly a more pro- 
gressive burning, that is, a decrease in @, of the order of 0.2; there is a 
corresponding increase in the rate B(P) to preserve the initial rate of 
burning, which is proportional to (1+ 6)B(P). For shapes with 
nominally constant burning surface, ‘maximum pressure” occurs nearer 
“all burnt,” and the final effects carry more weight. There is still, on 
the whole, a decrease in 0 and an increase in the rate B(P); 
(1 + 6)B(P) is roughly conserved. 

There is one last difference between gun and closed vessel that it is 
as well to note here, though it concerns not so much the way the pro- 
pellant burns as the way in which we represent it. In closed-vessel 
analysis there is no reason for choosing any special function for the rate 
of burning. In dealing with the more complicated equations for a gun 
it is, on the other hand, convenient to write the rate as proportional to 
the pressure. This is almost essential if an analytical solution is wanted. 
Unfortunately, present-day propellants prefer to burn according to a 
rather different law. Forms used have included 


B(P) = 8P" 
and 
B(P) = (P + Pi) 


The constants depend on the composition; P, is usually quoted as of 
the order of 1 ton/sq in., and is, at any rate, positive. The ‘‘pressure 
index” a is commonly near 0.9, and is almost always less than unity." 

Both forms agree in asserting that the propellant burns more slowly 
at high pressures than would be expected from 


B(P) = 8P 


Hence, if we analyze the behavior of a gun on the latter assumption, 
the burning area will appear to decrease at high pressures. For shapes 
with @ near zero, peak pressure tends to occur only a little before “burnt,” 


4 Among production propellants, the highest œ recorded has been 1.02. Values 
near 2 have occurred with experimental compositions and have been attributed to 
disintegration of imperfectly gelatinized material; this#s supported by their irregular 
behavior. The Boys-Corner theory of the rate of burning at gun pressures does not 
exclude a from rising a little above unity (§ 2.35). 
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and the decrease of apparent burning area extends over the later stages 
of burning. The effect can be simulated by an increase of the form factor 
6 by an amount of the order of 0.1. 

For cord the matter is not so simple, for the region of high pressure 
is normally confined to the middle of burning. The effect reveals itself 
as a variation of 8 with peak pressure, which cannot be eliminated by 
altering 6. 

The “cooler” the propellant, the further a lies below unity, and the 
bigger the effect just mentioned, but at the same time the greater the 
erosion. The sum of the two effects is not likely to vary greatly from one 
composition to another, 


2.23 The Charbonnier form of the equation of burning . 
In the mathematical theory of interior ballistics it is convenient to use 


DŽ = -B(P) 
dt (9) 


pe i Se E 
rather than the single equivalent equation, 


d 
D£ = B(P)|(1 + 0)? — 404]* (8) 


The preference for equation 9 is justified by the variable f being conven- 
ient for the analytical solution of the main equations of interior ballistics. 
On the Continent the form 8 is now preferred, or rather, equations which, 
like equation 8, are all included in the Charbonnier form: 


do 
D = = B(P)g(@) (10) 


D is a length characteristic of the size of a grain of the propellant; for 
instance, for a charge of cord D could be the mean diameter, or equally 
well the radius. Such ambiguities have to be corrected by proper 
choice of the form function g(¢). B(P) is the rate of burning at pressure 
P, a function depending only on the composition of the propellant. 

The form function g(¢) is a property of the whole charge, being 
affected not only by the mean shape of the grains but also by the 
heterogeneity of the charge. Furthermore, the form function varies 
somewhat with the conditions of use of the charge; for example, the 
extent of erosion of the propellant depends on the peak pressure and the 
muzzle velocity, and this has an effect on g(¢). 
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The form function is proportional to the integral of the rate of burning 
per unit area, taken over the whole surface of the charge at pressure P 
and fraction-burnt ¢. When the rate of burning is the same at all 
points of the surface at a given time, g(¢) is simply the relative area of 
the propellant. 

This form of the burning equation is convenient for theoretical dis- 
cussion of the effects of heterogeneity and erosion—in fact, for study 
of all these instances where the variable f has not a simple geometrical 
interpretation. By the introduction of this form function, Charbonnier 
at last broke away from the geometrical arguments that were associated 
with equation 9. However, the latter form is still useful if we remember 
that 8 is to be found from the gun, not from geometry. 


2.3 Theories of the burning of gun propellants 


There have been very few such theories, and they can be summarized 
quickly. Before doing this, it is worth considering whether there is 
any need for a theory. One result of a fully developed theory will be a 
formula showing how the rate of burning depends on composition, initial 
temperature, and pressure. There will be perhaps one or two constants 
to be determined by fitting to a few observed rates of burning. The 
possibility of predicting rates of burning is not, however, a justification 
for a theory of burning; the rate of a propellant can be guessed from its 
composition ' sufficiently closely for the purpose of predicting composi- 
tions with required characteristics. This assumes a knowledge of the 
rates of a number of propellants of similar physical nature: colloidal 
propellants with an emulsion as stabilizer (for example, mineral jelly) 
are noticeably faster than colloidal propellants of the same explosion 
temperature but with stabilizer distributed homogeneously (for example, 
carbamite); likewise, nitroguanidine propellants contain this substance 
as crystals enmeshed in the gel, and so it is perhaps not surprising that 
the rate depends on the size of the crystals. Many data have been 
accumulated about all these types of propellant, so that it is not neces- 
sary to appeal to theory for the dependence of rate on composition. The 


18 One way is to plot the rates of burning (at a given pressure) against the uncooled 
temperature of explosion or against the calorimetric value (see chapter 3). The points 
lie near a smooth curve. These properties can be calculated from the composition, as 
explained in the next chapter. Hence, the rate of burning can be estimated from 
composition. 

Muraour, Comp. rend., 187 (1928), 289, found that the logarithm of the rate of 
burning was a linear function of the uncooled explosion temperature for a series of 
colloidal propellants (NC-NG-carbamite). This form of relation gives quite a good 
fit to British data for propellants of this type, though the fit is not so close as found 
by Muraour. 
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variations with pressure and initial temperature are also obtainable 
from closed-vessel experiments. In short, the rate of burning can 
serve as a check on a theory or as a way of evaluating its constants but 
cannot be a reason for setting up the theory. 

The real value of a theory of burning lies in its physical and chemical 
picture of the process. If this picture is reasonably close to the truth, 
it helps us to understand various phenomena associated with burning 
(for example, “erosion” of propellant and ignition). A successful theory 
would provide a general understanding of these phenomena and would 
indicate the possibilities of control; it might also extend to quantitative 
predictions, but this is perhaps too much to expect. Even a qualitative 
theory would be a valuable guide in the choice of significant experiments. 
Therefore, a theory of the burning of a propellant may give small dis- 
crepancies from experiment, showing that it is not the complete story, 
and yet it may provide an understanding of the process sufficient for 
many needs. 

-All theories put forward can be divided into two types: the first may 
be called the “surface theories,” in which the burning is controlled by 
the rate at which energy, in the right form, is transmitted from the hot 
gaseous products to the surface of the solid propellant; the second class 
of theories fix attention on the reactions in the gas phase, which are 
thought to control the over-all rate. The latter may be called “‘vapor- 
phase” theories. 


2.31 Surface theories 


These have been suggested by Létang,’* Schweikert,” Muraour,'!® 
Yamaga,” and Crow and Grimshaw.” Muraour’s work has also been 
reviewed by Schmidt.” 

These theories consider the rate at which energy is transferred from 
the hot gas to the solid. The molecule of the propellant may be supposed’ 
to react if it receives a sufficiently large amount of energy by being 
struck by a fast-moving gas molecule. This is the essential part of the 
theories of Muraour, Yamaga, and Létang. An important point is, 
therefore, the energy distribution of the molecules striking the sur- 
face. These molecules had their last collision at various distances from 
the surface; however, nearly all come from a thin layer close to the 


6 Létang, Mém. artillerie franç., 1 (1922), 955. 

17 Schweikert, Innere Ballistik (1923). 

18 Muraour, Bull. soc. chim. France, 41 (1927), 1451; 47 (1930), 261; Comp. rend., 
192 (1931), 227. Muraour and Schumacher, Mém. poudres, 27 (1937), 87. 

19 Yamaga, Z..ges. Schiess- u. Sprengstoffw., 25 (1930), 60. 

2 Crow and Grimshaw, Phil’ Trans. Roy. Soc. (London), 230A (1931), 387. 

21 Schmidt, Z. ges. Schiess- u. Sprengstoffw., 27 (1932), 1, 45, 82. 
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surface. What energy distribution is to be assumed for the molecules 
(that is, the “average temperature of their origin”) is a point at which 
the theories differ. . 

These theories give a rate of burning proportional to the number of 
sufficiently energetic collisions per unit area per second; and, if the 
energy distribution of the impinging molecules does not depend on the 
pressure, the rate of burning is proportional to pressure. Muraour has 
discussed the energy distribution in a qualitative way. The average 
temperature of the gas layer is supposed to be somewhat less than the 
final temperature of the products, the temperature of “uncooled explo- 
sion”; ? and at low pressures the surface layer of gas is more mixed with 
the final products and is therefore hotter than at high pressures. Hence 
the rate of burning, M grams per square centimeter per second, is 
greater at low pressures than would be expected from a linear law. 
Muraour has therefore used the relation, 


Mz=a+b0P 


where P is the pressure. The calculation of a and b has not been at- 
tempted. Part of the a term is attributed to transmission of large 
energy quanta by radiation, which is supposed to be independent of 
pressure. From experiment the ratio a/b is known to depend on whether 
the stabilizer is distributed homogeneously or as an emulsion.” 

At high pressures the number of impacts per unit area per unit time 
is not exactly proportional to the pressure, being altered by the finite 
size of the molecules.”**5 

Muraour has also discussed qualitatively the dependence of the rate 
on the uncooled temperature of explosion. This affects the speed of 
the reactions in the gas phase, and therefore the extent to which the 
“temperature of the surface layer” of gas falls short of the final tem- 
perature of the products. Muraour concluded that with change of 
composition the rate of burning would increase somewhat faster than 
the explosion temperature. 


22 This is the temperature attained by the products when formed without loss of 
heat or performance of external work. Another name is the “adiabatic flame tem- 
perature.” It is shown in the next chapter that this temperature is almost inde- 
pendent of the density of the products. When the products are formed against a 
pressure P, their temperature is the “explosion temperature at constant pressure” 
or “isobaric flame temperature.” This has a fairly strong dependence on P. 

233 Muraour and Aunis, Comp. rend., 192 (1931), 418. 

2 Muraour, Bull. soc. chim. France, 41 (1927), 1451. 

% Anticipating the definitions of the next chapter, we shall refer to the results of 
the finite size of the molecules as “covolume effects.” 
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Muraour’s picture involves a decomposition of the solid, which may 
be only incomplete and followed by reactions in the gas phase, ending 
in the usual equilibrium products. This is much the same as the process 
assumed by Boys and Corner (§ 2.34), but the controlling rate is very 
different in the two theories. For Muraour the rate of the whole process 
is fixed by the rate at which decomposition occurs at the surface of the 
propellant. 

Muraour has illustrated his theory by experiments on many features 
of the burning of propellants. The theory has certainly been of value 
in guiding experiment, but it has not received a quantitative develop- 
ment. 

Yamaga’s theory * assumes that decomposition occurs when an 
“activated” surface molecule is struck by a fast molecule from the gas. 
The surface molecules are assumed to be at the temperature T” of the 
original propellant, and their ‘‘activation energy” is E’, so that at any 
instant only a fraction e~%/"" of the surface molecules are capable of 
reaction. The bombarding gas molecules are taken to have the energy 
distribution appropriate to a temperature T; the number of impacts 
(per unit time) by molecules whose translational kinetic energy is greater 
than the activation energy E, is proportional to T~“e~ F/T as a function 
of T. The rate of burning M is therefore proportional to 


[—Ye~ E/RT-E'/RT' 


in its dependence on T and T’. Yamaga took T to be the temperature 
of uncooled explosion; he determined E from the experimental rates 
for different propellants at the same initial temperature, and F’ from 
the rates of the same propellant at different initial temperatures. 

The identification of 7 with the temperature of uncooled explosion 
is a weakness of this theory. The assumption permits a quantitative 
treatment, as opposed to Muraour’s rough and qualitative discussion, 
but the more quantitative theory is based on less acceptable physical 
ideas. The values found for E and E’, 19.1 kcal/mole and 274 cal/mole, 
respectively, are probably somewhat in error.” Lesauskis ”% has applied 
the same theory to the slow low-temperature decomposition of propel- 


2 Yamaga, Z. ges. Schiess- u. Sprengstoffw., 25 (1930), 60. 

7 In finding the theoretical change of rate with T’, the corresponding change of 
T was neglected, although the latter contributes about 30 per cent of the whole effect. 
The experimental change of rate with T’ was given as about 1.7 per cent per 10°C, 
which is about half that found by Crow and Grimshaw, Phil. Trans. Roy. Soc. 
(London), 230A (1931), 387. 

T was found by calculation and ran up to 4100°K for the hottest powder (Mk I). 
This is certainly too high and suggests that T was overestimated. 

B Lesauskis, Mém. artillerie franç., 14 (1935), 487 
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lants. In this application there is no difficulty about the appropriate 
value of T, which is just the same as T’, the temperature of the propel- 
lant and the whole system. The impinging gas molecules are of different 
nature in the two cases, which would be expected to affect the results; 
nevertheless, Lesauskis obtained a satisfactory temperature dependence 
of the reaction rate by using Yamaga’s values of E and F”. 

Létang’s theory ? was the earliest of this type. It differs from that 
of Yamaga in that there is no activation of the solid by its own thermal 
energy. Létang assumed that every sufficiently violent impact of a gas 
molecule with the propellant would generate another gas molecule and 
that the energy distribution of the bombarding molecules was that 
appropriate to the temperature of explosion. He found the velocity 
necessary for a successful impact by working back from known rates 
of burning and explosion temperatures.” The theory gave a rate of burn- 
ing proportional to pressure, as with all these “‘surface theories.” Létang 
applied this theory to the slow low-temperature decomposition of 
propellant and to ignition. 

The theory of Crow and Grimshaw *#| assumed that a molecule of the 
propellant requires extra internal vibrational energy before it will de- 
compose. This energy was supposed to be supplied by the internal 
vibrational energy of the impinging gas molecules coming from the layer 
outside the solid. The temperature of the gas molecules was taken to 
be the temperature of uncooled explosion. The vibrational energy 
obtained by the propellant is manifested by an increase of temperature, 
and the amount necessary for decomposition is measured by the ignition 
temperature or ‘“‘touch-off temperature.” The rate of transfer of 
vibrational energy from impinging molecule to solid is governed by an 
accommodation coefficient. The two arbitrary parameters for each 
propellant were chosen to reproduce the rate of burning and its depend- 
ence on the initial temperature of the propellant. The touch-off tem- 
perature varied considerably over the four types of propellant studied, 
and its prediction from composition would appear to be difficult. 

* Létang, Mém. artillerie franç., 1 (1922), 955. 

8° He found that the kinetic energy of the molecule had to be greater than 35 
kcal/mole, roughly. This is considerably more than Yamaga’s 19 kcal/mole. The 
discrepancy is explained by the difference in their methods of finding the activation 
energy, and it indicates that their formula for the rate of burning cannot account for 
both (1) the rate of a certain propellant, and (2) the variation of the rate with the 
temperature of explosion. Létang used (1); Yamaga used (2). Létang’s table of re- 
sults (p. 962) confirms this explanation; for there are effectively three distinct ex- 
plosion temperatures listed, and the activation energy increases with the explosion 
temperature; that is, the property (2) of the propellants studed by Létang demands 
an activation energy much below 35 kcal/mole. 

31 Crow and Grimshaw, Phil. Trans. Roy. Soc. (London), 230A (1931), 387. 
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Ali these theories lead to the result that the rate of burning depends 
on the gas temperature near the solid. From experiment ?? it is known 
that the rate of burning is not affected by proximity to a different 
propellant. This shows that the effective gas layer round any piece 
of propellant contains only gas emitted from this propellant; mixture 
of the products of the various pieces takes place further from their 
surfaces. For the same reason the temperature of uncooled explosion 
should be replaced, where it occurs in these theories, by the temperature 
of combustion at constant pressure. This lies below the temperature 
of uncooled explosion, the difference being of the order of 500°C (see 
§ 3.31). 

Another result common to these theories is that the rate of burning 
is proportional to pressure, except at high pressures where the effect of 
the finite size of the gas molecules becomes significant. Crow and 
Grimshaw concluded that the rate of burning was proportional to density 
and not to pressure; this has been challenged from the experimental 
side,* and its deduction from the assumptions of their theory might also 
be questioned. 


2.32 Vapor-phase theories 


A possible criticism of all the previous theories is that they pay insuffi- 
cient attention to the reactions in the layer of gas just outside the solid. 
The bombarding molecules come from a layer that is at most a few mean 
free paths thick. Their effective temperature is supposed to be the 
temperature of explosion, or very near it. The reactions of the gas 
leaving the surface are therefore assumed to evolve no heat outside this 
thin layer. Moreover, no appreciable reaction can occur in the few 
collisions suffered in traversing this layer. This means that these 
theories assume the surface decomposition of the propellant to give the 
final products in one stage, or, if not the final products, then gases which 
transform into the final products without evolution of heat. 

Such a conception is hardly in accord with modern views on chemical 
reactions. These lead us to expect a primary decomposition of the solid 
into gases, which probably undergo many reactions before the final 
products are reached. Reaction must be going on in the gas for a 
distance of some hundreds of free paths from the solid. Boys and 
Corner have therefore proposed a theory that considers the gradual 
progress of reaction in this zone. The reactions were idealized to a 
single reaction leading from the “intermediate products” of the primary 
decomposition of the solid, up to the final equilibrium products. It was 


2 Muraour, Z. physik. Chem., 189A (1928), 163. 
2 Hunt and Hinds, Proc. Roy. Soc. (London), 138A (1932), 696. 
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assumed that most of the heat of explosion was given out in this gas 
reaction. This sweeping idealization of the actual reactions was made 
necessary by difficulties of handling any more complicated case, and 
also by the lack of information (at that time) of the probable inter- 
mediate products. A theory of flames in gases * was used to find the 
mass consumption of the flame zone, and so the rate of burning of the 
solid. 

The order of the reaction decides how the rate of burning M depends 
on pressure P; for example, a first-order reaction leads to M œ P” and 
a second-order reaction to M œ P. 

These results suggest that it may be possible to represent the observed 
variation of the rate of burning with pressure. Let it be assumed that 
there are parallel routes from ‘‘intermediate’’ to final products, whose 
over-all rates are first and second order; then at sufficiently low pressures 
the first-order set of reactions will predominate and M œ P”: at high 
pressures the second-order reaction will be the more important, and 
M œ P in this pressure region. This does indeed represent the general 
behavior of propellants. At high pressures there enter other effects. 
It may be mentioned here that calculation has shown at 20 tons/sq in. 
the ratio M/P can fall to about 80 per cent of its value at low pres- 
sure (say 5 tons/sq in.). The points to be noted are: (1) the change 
being the sum of at least four effects of different signs, there is no reason 
to expect all propellants to show closely similar high-pressure behavior; 
(2) the results can be expressed in terms of either the pressure or the 
density but not necessarily as a simple form in either case. 

The earliest. form of the Boys-Corner theory was not entirely satis- 
factory quantitatively. The strong gradient of concentration in the 
reaction zone causes a significant diffusion of products into reactants. 
Not until diffusion had been included in the theory was it possible to 
get agreement with experiment with reasonable assumptions about 
molecular weights and heats of reaction. The theory of the flame zone, 
allowing for diffusion, has been published by Corner. In this book 
we shall present only the simpler theory omitting diffusion, since the 
latter effect does not alter the physical picture, nor does it affect the 
form of the dependence on pressure, whereas the equations are simpler 
without diffusion terms. 

The theory of Boys and Corner has a close connection with the work 
of Belajev,* though it was developed in ignorance of the latter. 


34 Boys and Corner, Proc. Roy. Soc. (London), 197A (1949), 90. 

% Corner, Proc. Roy. Soc. (London), 198A (1949), 388. 

% Belajev, Acta Physicochim., 8 (1938), 763; 14 (1941), 523; Comp. rend. (URSS), 
24 (1939), 254. 
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Belajev’s theory refers to the burning of volatile explosives, which he 
distinguishes sharply from propellants. His idea is that the surface 
of the explosive is emitting it as vapor and that its decomposition takes 
place in the gas phase just outside the liquid surface. The surface 
temperature is the boiling point of the liquid at the given pressure. 
This is clearly not applicable to propellants, and is replaced in Boys’ 
theory by the assumption that the substances being emitted from the 
surface into the gas reaction zone are products of the low-temperature 
decomposition of the propellant. Apart from these differences the two 
theories are much the same. Belajev used the theoretical work of 
Zeldowitch and Frank-Kamenetsky on flames in gases, which is in many 
ways similar to the treatment of Boys and Corner. 

We shall now give the simplest form of the theory of a flame zone 
and then the application to the “vapor-phase” theory of the burning 
of a homogeneous propellant; we shall mention the effects that enter 
at very high pressures, and finally the influence of the initial temperature 
of the propellant. , 

Before passing on to these matters, it must be said that the theory 
to follow is applicable only at gun pressures. The phenomena at rocket 
pressures, of the order of a few hundred pounds per square inch, are 
more complicated. This field has been much studied in the United 
States, particularly by Professor B. L. Crawford and Professor O. K. 
Rice, and it appears to be necessary to consider several successive 
reactions to explain the observations. Reactions inside the solid are 
important, and it is no longer possible to speak of a purely “‘vapor- 
phase” theory. The extent of the difference between the two fields can 
be illustrated thus: the rate of burning of a rocket propellant has been 
found to depend on the mean molecular weight of the nitrocellulose, 
which is a long-chain polymer with a wide range of possible chain lengths; 
on the other hand, the mean molecular weight of the nitrocellulose has 
never been proved to affect the rate of burning at gun pressures. 


2.33 Theory of a flame zone in a gas 


A reaction zone moves through a medium by the transfer of some 
activating influence from the portion already reacted to an unreacted 
part. This in its turn reacts and again activates more unreacted mate- 
rial. In an exothermic reaction there are several ways in which the 
-activating influence may be transferred. These are the flow of ‘heat, 
diffusion of active particles or catalytic intermediate products, or 
radiation. In the case of propellants there are products at extremely 
high temperature, and there is a considerable flow of heat from these 
to the unreacted portion. We shall ignore the other possibilities of 
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activation and merely consider the flow of heat, a picture that can 
conveniently be described as the simple thermal model. We shall 
examine the rate at which the activating heat is transferred, by calcu- 
lating the thermal conduction from the distribution of temperature 
through the zone. 

We shall examine the steady propagation of a plane reaction zone 
through a homogeneous medium with the following properties: 

1. The medium is capable of a single exothermic reaction whose rate 
at any point in the medium is determined solely by the temperature, 
pressure, and the stage to which the reaction has proceeded, all taken 
at the point in question. l 

2. The velocity of the reaction zone is so slow that the pressure is 
effectively constant through this zone. Diffusion will be neglected. 

We shall examine the general reaction zone and then a special case 
assuming constant specific heats and thermal conductivities, together 
with activation-energy formulas for a second-order reaction rate. The 
general case can always be integrated numerically, and in the special 
case an explicit formula for the rate of burning can be obtained. 

We consider a plane reaction zone, which is in steady motion, and we 
wish to predict the speed for which such a steady motion is possible. 
We shall exclude the phenomenon of detonation, whose speed is very 
different from that of any flame. A complete theory would cover 
detonation and such nonsteady phenomena as ignition and the transition 
to detonation. Throughout this work we shall consider only the steady 
motion of flames. 

This restriction leaves two points uncertain: in the first place, we do 
not show how such a steady motion could be generated; second, we do 
not prove that such a flame is stable. These are difficult questions, 
which do not appear to have simple general answers. However, in the 
application to solid propellants we can appeal to experiment as a proof 
that such regimes are both possible and stable. 

Take an z axis of reference perpendicular to the plane, with an origin 
moving with the reaction zone, so that relative to our axes the unreacted 
medium moves from the direction of negative z, and, after passing 
through the flame, the products pass toward x = œ. All properties of 
the system are functions of z alone. When U is the velocity of the 
medium at any point, the rate at which any property y of a given small 
portion of the medium varies with time is given by 

Dy dy oy dy 


U — = U— (11) 
Dt ot Ox dx 


U is itself a function of z. 
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The quantities whose variation through the reaction zone are required 
are U the velocity, V the volume per unit mass, T the temperature, 
and e the fraction the reaction has progressed toward completion at the 
plane z, so that, of the gas passing this plane, a fraction e (by mass) 
consists of the products of reaction. We can immediately obtain a 
relation between U and V. If we consider the material moving along a 
cylinder with walls parallel to the x axis and of unit cross section, it is 
apparent that the same mass is moving across any cross section of this 
per unit time. Representing this by M, we have 


U= MV (12) 


Since the pressure is constant, V must be a function of «e and T only 
and is known from the equation of state for the medium with a given e. 

The energy crossing any normal section of the cylinder must be a 
constant, or energy would accumulate or disappear between two sec- 
tions. The energy flow is composed of: 

1. The intrinsic energy E per unit mass, transported by the mass flow. 

2. The work done by the material on one side of the section by its 
pressure on the material on the other side of the section. 

3. The flow of heat due to thermal conduction, which is described by a 
thermal conductivity X. 

The latter flow will be zero at large distances on both sides of the 
reaction zone. Denote the conditions at a large distance before the flame 
by To, Vo, ete., and at large distances past as Tm, Vm, etc. Then we have 


dT 
M(E + PV) — A = M(Em + PVm) = M(Eo + PVo) (13) 
>? 
which gives 


dT 
——=E-—E,+P(V — Vm) = H — Hm or H -— Ho (14) 
M dz 


where H is the total heat content per unit mass. 

We need a further relation, which is supplied by considerations of 
reaction velocity. The homogeneous reaction rate, expressed as 
De/Di, will be a function of e, V, and T, by our initial assumptions.” 


3 This implies that the reaction rate at any point is determined by the local tem- 
perature, just as if the gas at that point were in a large enclosure at constant tem- 
perature. This is true only if the thickness of the reaction zone is large compared 
with the mean free path of molecules in it. It can be shown that this condition is 
satisfied in flame zones outside propellants. 
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Hence, we have 


UZTV (15) 
Equations 14 and 15 can be written in terms of «e and T alone, since H 
will be a known function of e, T, and V, and the latter can be eliminated 
by using the equation of state. In this way we can obtain two differ- 
ential equations, from which x can be eliminated by dividing one by 

the other, giving 
de Af(e, T) 


dT M2V(H — H,,) 


This is possible only because z does not appear except as dr. In more 
general cases than we are considering here, x may appear explicitly; this 
happens when the phenomena in the flame zone depend on the distance 
from the solid boundary. In such cases there is no point in forming 
equation 16. In our case, however, this step is useful because the 
problem of the flame speed can be solved from equation 16 alone. If 
distances in the flame zone are of interest, the results can be substituted 
in equation 14, giving the relation between z and T or e. 

We require the integral of equation 16, which is such that T = To 
when e = 0, and T = Tm when e = 1. Tois the temperature at a large 
distance inside the unreacted medium, the initial temperature, which is 
known in any particular set of experiments. Tm follows from this by 
the relation, 


(16) 


Hm = Ho 


where Hm is the total heat content for e = 1, and Ho refers to e = 0. 
Tm is the temperature of the product gases when formed against a 
constant pressure. In the application to propellant, Tm must be dis- 
tinguished from the temperature of uncooled explosion at constant 
volume, which is about 20 per cent higher. 

Equation 16 is a first-order equation, and its solution is determined 
by the parameters of the equation, together with one pair of correspond- 
ing values of e and T. The solution determined by the conditions at To 
will, in general, not fulfil the condition at the upper limit 7,,. There 
will be one value of M for which both conditions are satisfied; this 
determines the only velocity possible for a steadily moving reaction 
zone in the given medium. This value of M is a function of the other 
parameters in the equation. 

The form of the equations ensures that e and T remain constant 
beyond the point where e = 1 and T = Tm. This has the result that 
in finding M we can restrict our attention to the equation between e 
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and T. No matter whether the point («e = 1, T = Tm) is at a finite 
or an infinite distance, we can be sure that everywhere beyond this point 
the outgoing gases will be at the temperature Tm and will be completely 
reacted, which is necessary for a physically satisfactory reaction zone. 
For distances that are large compared with the effective thickness of 
the flame, the gas may be subjected to cooling and consequent changes 
of composition, or it may be compressed against a barrier, but these 
cannot affect the rate of burning. The only influences that can have 
any effect on the rate are those that act in the region where the reaction 
rate is appreciable. 

The velocity of the reaction relative to the unburnt medium is M Vo, 
which in the application to propellant is the rate of recession of the 
surface of the propellant. The corresponding relation between e and T 
is the solution of equation 16 with the proper value of M; finally, the 
(x, T) relation can be found by substituting in equation 14. This pro- 
vides a scale of distances for the variation of e and T through the reaction 
zone. 

We now examine a simple case, which can be integrated explicitly 
by a method of successive approximations. This case corresponds to a 
simple form of the reaction rate, which appears to be applicable to 
propellant. The method of successive approximation is not restricted 
to this instance. 

We limit our examination to a zone in perfect gases with constant 
specific heats per unit mass. Positions in the flame zone at which 
the reaction does not proceed at an appreciable rate do not affect the 
rate of burning; we are assuming constancy of the specific heat only 
at those high temperatures in the flame at which most of the reaction 
takes place. The assumption is therefore a good approximation for hot 
flames. 

If Qm is the heat of reaction at constant pressure at the temperature 
Tm of the final products, we have 


H = Hn = (1 = 00n+ (1 —TaJiC’Q—-)+€,) 7) 


where C,’ is the specific heat of the reactant and Cp that of the products, 
both at constant pressure. It would be possible to integrate this case 
if the problem required this refinement, but, since a simpler case is 
adequate for our purposes, we shall put C,’ = Cp = C. We can also 
write Q instead of Qm, since now the heat of reaction is independent of 
the temperature. Thus, finally, 


% Mr. Booth has applied a similar technique to reaction zones in pyrotechnic 
mixtures. 
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H — Hm = (1 — ÀQ + (T — Tm)C (18) 

so that 
ba E T —T)C 1 
Toe € ( m (19) 


and substituting into equation 16 gives 
de Af(e, T) 
aT MVI — XQ + (T — Tp)C] 
In a simple reaction in which molecules of molecular weight W give 
molecules of molecular weight w, the equation of state is 
PV l—e € 1 + ne 


RT W w W 


where n = (W/w) — 1, and R is the gas constant per mole (8.205 X 1072 
atm-liter-mole—!-deg—!). If the reactant consists of more than one 
type of molecule with different molecular weights, this equation will 
have the same form but a different value of n. 

For a second-order rate from a bimolecular reaction, the value of 
De/Dt as a function of e, V, and T is 


fle T, V) = ~ = Leger (22) 


(20) 


(21) 


The values of the constants will be discussed in § 2.34. Substituting in 
equation 20, we have 


de AB(1 — €)2e~4/#T 


dT MEVI — à + C(T — Tr] i 


Using equation 21 yields 
de AB(PW)?(1 — 6)?e4RT 


a? MA FRIA 9 FT TA CO 


Near the hot boundary of the reaction zone, T — Tm and 1 — e are 
small, and these terms determine the behavior of the solution. All other 
functions of T and e in this equation can be given the values correspond- 
ing to T = Tm and e = 1. The equation thus simplified has a solution 
that at large distances, where T — Tm and 1 — e are sufficiently small, 
approaches that solution of the original equation satisfying the boundary 
condition that T — Tm when e = 1. This (e, T) relation can then be 
used in the awkward coupling term Q(1 — e) + C(T — Tm) but no- 
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H — Hm = 1 — )Q + (T — Tm)C (18) 

so that 
ae 2 de® T —T)C 1 
M dr € ( m (19) 


and substituting into equation 16 gives 
de Af(e, T) 
aT MVI — XQ + (T — Tp)C] 
In a simple reaction in which molecules of molecular weight W give 
molecules of molecular weight w, the equation of state is 
PV l—e € 1 + ne 


RT W w W 


where n = (W/w) — 1, and R is the gas constant per mole (8.205 X 1072 
atm-liter-mole—!-deg—!). If the reactant consists of more than one 
type of molecule with different molecular weights, this equation will 
have the same form but a different value of n. 

For a second-order rate from a bimolecular reaction, the value of 
De/Dt as a function of e, V, and T is 


fle, T, V) = ~ = Lege (22) 


(20) 


(21) 


The values of the constants will be discussed in § 2.34. Substituting in 
equation 20, we have 


de AB(1 — «)2e4/#T 


dT MEVI — à + C(T — Tn] ~ 


Using equation 21 yields 
de AB(PW)?(1 — 6)?e74RT 


a? MA FRIA -9 FT TA IP 


Near the hot boundary of the reaction zone, T — Tm and 1 — e are 
small, and these terms determine the behavior of the solution. All other 
functions of T and e in this equation can be given the values correspond- 
ing to T = Tm and e = 1. The equation thus simplified has a solution 
that at large distances, where T — Tm and 1 — e are sufficiently small, 
approaches that solution of the original equation satisfying the boundary 
condition that T — Tm when e = 1. This (e, T) relation can then be 
used in the awkward coupling term Q(1 — e) + C(T — Tm) but no- 
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where else in equation 24. The resulting equation can be integrated 
exactly. This provides a second approximation to the exact solution of 
equation 24. We do not go beyond this order of approximation, because 
comparison with numerical integration has shown that the accuracy of 
the second approximation is ample for our purposes; moreover, the 
differential equation in the next approximation is as difficult to solve 
analytically as the original equation. It is not possible to stop at 
the extremely simple first approximation, because the error in the 
rate of burning is a factor of about three. The error in the second 
approximation depends chiefly on A/RT,, and has not been more than 
15 per cent in the examples studied until now, in which A/RT has 
been as low as 4. For A/RT,, near 8, the rate is too low by about 5° 
per cent. 

Write 1 — «e = ¢ and Tm — T = n. The first approximation is the 
solution of the equation, l 


d DE 
dn QE— Ch 
where 
\B(PW)?e7 4T 
me ge n a (26) 
(MRTm) (1 + n) 
The equation can be written as 
i ee 
dą DÉ Dé 
of which we want the solution with ¢ = O at n = 0. This is 
n = Q e018 femeror ET (27) 
D 0 T 


The “exponential integral” is defined ® as 


dt 
Ei(—2) = a 


a well-known tabulated function. Let y = C/D. Transforming the 
variable of integration in equation 27 to ¥/t, we see that the solution 
can be written as 

y 


Tm — T = — = tni(—*) 
D A 


9 For example, Jahnke and Emde, Function Tables, 1933 ed., p. 78; 1938 ed., p. 1. 
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Substituting in the T — Tm term of equation 24, we have 


de \B(PW)?g2e—4/2T 


— = 


ae (MR)?(1 + ne)?QT? E + pe" Bi (- 3] 


which integrates to 


1 —e 2 
f atiz ea » a 
0 


This solution has been made to satisfy the boundary condition at the 
hot end of the flame but does not necessarily do so at the beginning of 
the reaction zone. Imposing the condition that e = 0 when T = To 
gives, as the equation to determine M, 


1 2 
PESE 8 
0 


2 
aie (om on 


since e7 4/®?® is negligible compared with e~ 4/#7, 


To simplify the equation we write 0 = ¥/t. The result is 


W ~~ tv) + (—— -) a cl EN a i 
gı e g2 we 93 a aS 
where 
10) = vf [l + Bilo) | ao 
1 do 
gly) =Y% f [5+ ezi- D|? 
and 


fi do 
g3(¥) = ef f + erio) | z 


These functions are presented in Table 2.1 for the whole range of wy 
likely to be encountered in work on flames outside propellants. 
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TABLE 2.1 FUNCTIONS FOR THE SOLUTION OF THE FLAME EQUATION 


© 


qr or 


or 


or 


Hm SH EDN DN bo ea ea w co go RRAMADRINH HOO Omna nme yN 


S2999999999999 999999999599 Hmmm MAN W O e 
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To find the rate of burning M corresponding to given values of n, Tm, 
C, Q, A, B, P, and W, we calculate the right side of equation 30 and 


then solve for y by trial and error. Since y = C/D, we have finally 
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XB(PW)*pe- 4/8 7m 


2 
C(RTm)?(1 + n)? 


(31) 


Since equation 30 does not contain the pressure P, for a given reaction, 
y is independent of P, and the rate of burning is therefore proportional 
to the pressure. 

In using these equations one point should be noted. The gas con- 
stant R appears from two sources: as it enters from equation 21, the 
equation of state of the gas, it has to be in the units 


Unit of pressure X unit of volume of a mole of gas 


Unit of temperature 


In other words, R is in the appropriate mechanical units. The activation 
energy A is conventionally given in heat units, as calories per mole, 
and so the R associated with the A is in heat units, namely, calories 
per mole per degree. To prevent possible confusion, we have written 
all the formulas in terms of R and A/R, so that R is in mechanical units 
where it stands alone; in A/R, which has the dimensions of temperature, 
A and R can be in any consistent units; normally heat units would 
be used. 
The relation between e and T in the second approximation is 


Y 2n(1 — «)? ( y ) 
dnl) =e a 


n \? j ) CTm RT m E 
AE E O = l _ e^/RTm—A/RT) (99 
(—-) Lim) n (—— ae (l—e ) (82) 


For any set of values of A, Tm, Q, C, and n, equation 30 gives y, which 
can be used in equation 32 to find the T corresponding to any given e. 
The error in the (e, T) curve is small: a typical comparison with a numer- 
ical integration carried out with the accurate M showed that e was too 
large by 3 per cent at « = 0.5, and the error was everywhere of the same 
amount except at low temperatures. Here T tends to zero as the e 
of the approximate solution tends to zero, whereas the numerical inte- 
gration had been started with e = 0 at a “surface temperature” greater 
than zero. 

This (e, T) relation can be used to find a value of M that is several 
per cent better than the second approximation itself. To do this we 
choose e, and ez in the neighborhood of 0.4 and 0.6, respectively, and 
such that ¥/(1 — e,) and ¥/(1 — eg) occur in Table 2.1. Equation 32 
gives the corresponding temperatures Tı and To and, hence, allows one 
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to estimate de/dT at T = 44(T, + T2). Substitution into equation 23 
gives M. 

When the (e, T) relation has been found, this can be used in the equa- 
tion of heat conduction 19 to give the (z, T) relation. This supplies 
the scale of distances for the variation of e and T. Let the origin of x 
be taken at a temperature T,. Then, 


“a (33) 
” = Jr, MIQG — à + C(T — Th) 


where e is expressed as a function of T. In the special case considered 
previously and in most possible cases, x will tend to infinity as T tends 
to Tm and to minus infinity as T tends to To. Theoretically, therefore, 
the reaction zone is of infinite thickness, though most of the reaction 
occurs in a small distance. To obtain a measure of the thickness it is 
convenient to take the distance between the points where e = 0.1 and 0.8. 
A first approximation to the (e, z) relation can be found from the first 
approximation to the (e, T) law. From equations 19 and 25, 


aP (34) 
de — 
with the solution, 
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and therefore an infinite flame thickness. 

To get 4 second approximation it is easiest to tabulate e as a function 
of T, given by the second approximation, and then to carry out a 
numerical integration of equation 33. 

In the first approximation the ‘‘thickness of the flame” is proportional 


A _ RTA(l tn) (MY arene 


rrr (35) 
MD PW CB 


As an example of the kind of result obtained, we show in Fig. 2.7 the 
values of «e and T as functions of distance through a reaction zone at 
10 tons/sq in. pressure. The activation energy is 25 kcal/mole; this 
and other data are typical of those used in the application to propellant. 
In this case the (e, T} relation was found by numerical integration of 
equation 24, and x was then calculated from equation 33. As boundary 
condition at the cool side of the flame, it was assumed that e = 0 at 
750°K, though the diagram makes it clear that de/dT is so small in this 
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region that the exact temperature assumed is of noimportance. Actually 
a change of 200° in the temperature at which e = 0 produced in a typical 
example a decrease of only 1 per cent in the rate M. 

Figure 2.7 can be used at other pressures. For it can be shown that 
for a second-order reaction rate the distance between two assigned values 
of e or temperature is inversely proportional to the pressure. Hence 
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Fia. 2.7 The variation of temperature and degree of reaction in the reaction zone 
of a typical propellant burning at 10 tons/sq in., from the theory neglecting diffusion. 
British Crown copyright reserved. 


the diagram can be regarded as valid for any pressure P tons/sq in., 
giving e and T as functions of xP/10. 

We shall now explain how, by combining parameters in the general 
equations, one may obtain the exact dependence of the rate on certain 
parameters without finding an exact solution. The process is applicable 
to other forms of the reaction rate, though, of course, the results may 
be somewhat different. 

We have to solve 


M? de | (1 — ¢)?eA/RP 
AB(PW) aT (RT)2(1 + noQ — © + CT — Tm)] 


and the solution must fit the boundary conditions that «e = 0 when 
T = Toande = 1 when T = Tm. These conditions determine the value 
of the parameter M?/AB(PWY, which we may regard, therefore, as a 
function of the other parameters A, Q, n, C, and Tm. To get the (e, T) 


(36) 
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relation the value of the parameter M?/AB(PW)? must be inserted in 
equation 36, and this must be integrated; hence the (e, T) relation de- 
pends on M, ), P, W, and B only through the combination M?/\AB(PW)?, 
which is itself determined by A, Q, n, C, and T,,. Using this relation in 


Se a Qe pate ty 

Mde s * 
we get the result that M (xı — x2)/X (where x; and zə are the positions 
with given temperatures 7, and T2) must depend only on A, Q, n, 
C, T, and T, and T2. Hence, we have 


M = K,PW(B)” 
and 
AKo AK3 


M PWB*% 


where Kı, Kə, and Kgs depend only on A, Q, n, C, and Tm (and 7; and 
Tə in the case of Kg and K3). These quantities remain fixed in the 
case of a given reaction when only the pressure is varied, and in this 
instance the linear dimensions of the reaction zone vary inversely as the 
pressure. 

For a reaction zone typical of those encountered in the application 
to propellant, the distance between the planes where the reaction is 
10 and 80 per cent completed is about 8 X 107*/P cm (where P is the 
pressure in tons per square inch). This distance is least for reactions 
with high final temperatures, though the variation is only moderate; 
for two propellants with final temperatures of 2000 and 3000°K the 
widths of the flame were found to be in the ratio of 1:0.7. 

Although in this reaction the flame equations can be integrated by 
the approximate process already given, this is not possible with all the 
forms of reaction rate that one may wish to study. To take only one 
instance, the effect of the variation of thermal conductivity with tem- 
perature has to be investigated to help one to choose a suitable mean A 
for the simpler example. The basic equation is here 


de \B(PW)7(1 — ©—)%e74/#P 

dT (MRT)*(1 + noU — à + C(T — Tm)] 
or possibly some more complicated set. This can be integrated by a 
step-by-step process, for any assumed value of M. Starting from one 
of the boundary conditions, the solution can be carried sufficiently near 


to the other extreme of the reaction zone, to see whether the solution 
satisfies the other boundary condition. For example, suppose that the 


(37) 


62 Gun Propellants 


integration has been started at the cool side of the flame, in fact, at the 
surface of the propellant, where e is practically zero and T = T,. If M 
is less than a certain critical value, dT/dx becomes negative after a 
certain value of T has been reached in the integration. de/dr is still 
positive, so that, beyond the point where d7'/dx = 0, e continues to 
increase, but T decreases and never attains Tm. This is not a physically 
satisfactory form for the reaction zone, for it does not have the essential 
feature of the actual zone, that the temperature rises to the value corre- 
sponding to complete reaction. For large M the solution has the prop- 
erty that de/dT is so small that, when the solution has reached T = Tm, 
e has not attained unity. This solution too is not physically satisfactory. 
There is one value of M for which the solution e tends to unity as T 
tends to Tm. This solution is the reaction zone that would be set up 
in steady burning (if our equations were complete descriptions of the 
phenomena). 

When Tm is of the order of 2000°K, steps of 100°K are convenient 
for the integration of the differential equation. For flames without 
diffusion it has been found better to start the integration of the equations 
at the cold side of the flame. In more complicated cases, such as have 
been studied recently by Professor Hirschfelder and his collaborators, 
it appears to be essential to start at the hot side, where unfortunately 
there is a singularity. For details of the methods used to get away from 
the singularity, we must refer to the series of papers from this group.” 

The formulas needed for the numerical integration of differential 
equations are given in Appendix A. The only special point about the 
flame equations is that it is essential to work the computation with T 
as the independent variable; if e were used as the independent variable, 
slight errors in predicting T for the next step would lead to large errors 
in dT/de, because of the presence of e~4/"7, and the step would have 
to be reworked an unusually large number of times. 

Tests with thermal conductivities obeying Sutherland’s law have 
shown that the rate of burning is the same as that given by a constant A 
whose value is appropriate to a temperature somewhat above the middle 
of the temperature range in the flame. The conductivity at any point 
depends on the composition of the gas at that point: that is, on e. The 
reactants have higher molecular weight than the products, and the 
conductivity is least at the cool side of the zone. Numerical solutions 
have shown that, for rates from this simple theory to be correct to a 


4 Hirschfelder and Curtiss, Third Symposium on Combustion, Flame, and Ez- 
plosion Phenomena (1948), p. 121; Henkel, Spaulding, and Hirschfelder, ibid., p. 127; 
Henkel, Hummel, and Spaulding, ibid., p. 135; Hirschfelder and Curtiss, J. Chem. 
Phys., 17 (1949), 1076. 
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few per cent, it is sufficient to take an average of the initial and final 
conductivities as the constant of A. Of course, the (e, T, x) relations are 
not accurately reproduced by any constant conductivity, but this is 
not usually of any great importance, and the error is not large. 


2.34 Application to the burning of propellant 

It is assumed that the controlling rate in the burning of a colloidal 
propellant is the rate of a gas reaction going on between the products of 
the initial decomposition of the propellant. Passing through the system 
normal to the propellant surface, we start with unreacted propellant 
at the initial temperature; there is a steep rise of temperature as we 
near the surface and, consequently, a decomposition into intermediate 
products. These are assumed to be of fairly low molecular weight and 
therefore form a vapor phase, in which the slow controlling reaction 
takes place. Since the rate of burning of propellant is roughly propor- 
tional to the pressure, we must suppose that we are dealing with a 
second-order reaction. 

If the main reaction is not proceeding appreciably at the temperature 
of the surface (compared with its rate in the hotter parts of the flame), 
then the rate of burning will be independent of the surface temperature. 
The initial temperature of the propellant affects the rate of burning 
through its effect on Tm, not because it is the point where e = 0. These 
remarks can be seen to follow from the analysis of the preceding section; 
the lower boundary condition that e = 0 when T = To is actually used 
in the form: e = 0 when e~ 4/*”° is negligible, and we should get exactly 
the same results if we took e = 0 at any other temperature such that 
e7 4/RT is negligible. The rate of burning is not affected by the tempera- 
ture variation before the controlling reaction has commenced appre- 
ciably, provided the same over-all energy conditions hold. Hence, since 
we are assuming the slow reactions to take place entirely in the gaseous 
layer, it is the velocity of propagation of this flame that determines the 
rate of burning of the propellant. The surface temperature will adjust 
itself to supply the necessary gases at this rate, provided that this is 
possible at some temperature below the range in which the main reaction 
velocity becomes appreciable. 

The variation of temperature in the solid before substantial decomposi- 
tion occurs is governed by 

às dT aime 

Mas e( 0) (38) 
where C, is the specific heat of the solid at constant pressure and ^, 
is its thermal conductivity. If the primary decomposition in the solid 
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evolves or absorbs only a small heat, equation 38 will still be an approxi- 
mation. Using it as such, and taking a surface temperature T, and a 
mean C,, we have T — T, MC,x 

(39) 


T; F To À 
where x is measured from the surface into the solid. For propellant ^s 
is of order 8 X 10™* cal/sq cm/(deg/cm). Taking T, as 750°K and To 
as 300°K, we find that for a typical propellant at P tons/sq in. the 
temperature has fallen to 315°K at a distance of no more than 
4 X 10~°/P cm from the surface. Thus, the “hot zone” in the propel- 
lant is rather larger than the effective breadth of the reaction zone 
outside, and their ratio is independent of pressure. 

By writing down the equation for de/dz from the unimolecular primary 
decomposition of nitroglycerine or nitrocellulose, the equation between 
e and T can be set up just as in the preceding section. It can be shown 
in this way that the primary decomposition is almost complete at 750°K. 
The argument is only rough, since the experimental knowledge of the 
decomposition refers to low temperatures and small values of e How- 
ever, it can be concluded that the propellant decomposes long before 
it can reach a temperature at which unreacted propellant would sublime 
or vaporize. 

In the previous section we have assumed that the pressure is constant 
throughout the flame. This is certainly true for the reaction outside 
the propellant. The velocity with which the products leave the surface is 


rate of burning X density of solid 


m 


density of products 


which is almost independent of pressure and is of order 1 meter/sec. 
The pressure drop across the flame is equal to the increase of momentum 
per unit time in the material passing through the unit cross section of 
the zone and so is roughly Um X rate of burning X density of the pro- 
pellant. The fractional pressure drop is almost independent of pressure 
and never more than about 1075. 

As disposable constants in the theory we have (1) the molecular 
weight of the intermediate products, which is probably of the order of 75; 
(2) the fraction of the total heat of reaction liberated in the gas phase; 
(3) the activation energy A. The heat of the controlling reaction is 
not known but must be a substantial part of the whole heat of reaction. 
The activation energy A has a strong effect on the magnitude of the 
rate of burning, and there is little chemical evidence concerning its value. 

The other quantities appearing in the equations of the flame zone can 
be calculated from the propellant composition. For example, the 
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effective specific heat and thermal conductivity can be obtained from 
the known final products and assumed intermediate products; the latter 
choice is not of great importance for the calculation. Finally, an upper 
limit for the kinetic reaction constant B can be found from the kinetic 
theory of gas reactions. This upper limit must be reduced by a factor a, 
which allows for the fact that the intermediate products are a mixture 
of some complexity. Only part of the collisions will take place between a 
molecular pair that can take part in the controlling reaction. The result 
is 


4No? ea 
Wa W 


where ø is the collision diameter of the reactants, N is Avogadro’s 
number, and 7” is a mean temperature in the reaction zone. 

It was found that the closed-vessel rates of burning of a number of 
propellants could be represented by taking a = 100, an implausibly 
large value, which was necessary to keep the apparent activation energy 
approximately the same for all the propellants. A later theory included 
diffusion, which reduces the rate of burning of a given gas mixture with- 
out altering the dependence on pressure. With this theory a value of 
a = 10 gave satisfactory results. This amounts to taking one tenth of 
the collisions as suitable for the controlling reaction; part of this may of 
course be a steric hindrance factor. The mean activation energy for 
seven propellants not containing mineral jelly was 26.4 kcal/mole, 
which is reasonable for reactions between unsaturated organic mole- 
cules. The activation energies had a total spread of 1.8 kcal/mole, 
and it was shown that this range was not much larger than that intro- 
duced by unavoidable inconsistencies in the other constants used. Table 
2.2 gives a comparison of observed and theoretical rates, the latter 
being calculated from a single set of constants for all the examples. 


TABLE 2.2 COMPARISON OF OBSERVED AND THEORETICAL RaTES OF BURNING 


All rates are in inches per second for a single surface, at 10 tons/sq in.; initial tem- 
perature 300°K. A = 26.4 kcal/mole; a = 10. 
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Details of the estimation of specific heats, thermal conductivities, 
and diffusion coefficients in the flame zone need not be given here, 
though it should be mentioned that the molecular weight of the inter- 
mediate products was taken to be three times that of the final products. 
These were calculated from the thermochemical tables given in the next 
chapter. It was assumed also that all the heat of the process was 
liberated in the controlling reaction. The relative rates for different 
propellants are not sensitive to this assumption. 

The single-reaction theory is inadequate at pressures below 2 tons/sq 
in., where reactions in the solid have important effects. 

Transfer of energy through the flame by radiation has been neglected 
in this theory. Experiment has shown the effect to be of some impor- 
- tance under rocket conditions, but at gun pressures the effect on the 
rate is believed to be only a few per cent. 


_2.35 The theoretical rate of burning at high pressures 

The calculations in this and the next two sections refer to the set of 
constants that represent SC. This was chosen because more physical 
data were available for this than for the other propellants and also 
because its temperature lies in the middle of the range for modern 
propellants. The experimental results are much the same for all colloidal 
propellants, and there seems to be no theoretical reason why the results 
should vary considerably from one propellant to another. 

1. Increase of density of propellant. The theory gives M, the rate of 
burning in grams per second per square centimeter of true area. The 
rate used in interior ballistics is an apparent rate, based on the area at 
atmospheric pressure. In other words, the practical rate overlooks the 
reduction of area when burning under high pressures. This practical 
rate is, of course, the more convenient one for interior ballistics, and 
we must correct the theoretical rate before comparison. This has been 
pointed out by Dr. H. H. M. Pike. 

Let 8 be the average compressibility of the propellant, up to pressure 
P. Provided there is isotropic compression under hydrostatic pressure, 
the surface of the propellant will be reduced by the factor 1 — 26P/3. 
The compressibility of this propellant up to 10 tons/sq in. is 
B = 7.7 X 107"! cgs, which is comparable with that of a normal organic 
liquid. The compressibility decreases rapidly with pressure. It is 
estimated that at 20 tons/sq in. the apparent rate of burning will be 
about 12 to 15 per cent below the theoretical rate. It is likely, in fact, 
that the orientation of the fibers in extruded propellant will make the 
stick less compressible along its axis than perpendicular to it. In the 
extreme case when there is no reduction of length but only a decrease 
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of the diameter of the cord, the decrease of area is 8 to 10 per cent. 
This anisotropy is probably greater than that actually present and shows 
that in any case the apparent rate of burning will be of the order of 
10 per cent less than the theoretical rate, at 20 tons/sq in. 

2. Covolume effects. The theory assumes that the gases in the reaction 
zone obey the perfect-gas laws. At high pressures this is a bad approxi- 
mation. For example, at 15 tons/sq in. the gas density just outside 
the solid is predicted by the perfect-gas law to be greater than the density 
of the solid propellant itself. This is a region of the flame in which wide 
deviations from reality are fortunately unimportant in their effect on 
the rate of burning. Nevertheless, the deviations from the perfect-gas 
law in the important region of the flame can cause considerable changes 
in the rate of burning at pressures of this order. Computations have 
been carried out with the abbreviated form of Van der Waals’ law 

PY =p = a” 

W 


(40) 


which is conventional in interior ballistics. This more complicated 
equation of state prevents application of the usual method of successive 
approximations. Numerical integration has been carried out for a 
bimolecular reaction, neglecting diffusion. It was found that at 20 
tons/sq in. the rate fell about 30 per cent below that calculated from 
the “rate œ pressure’ law. The order of magnitude of the effect will 
not be altered by diffusion. 

That the effect of a covolume is to reduce the rate of burning can be 
seen from the result that at very high pressures the rate would tend to a 
finite limit, if the equation of state given previously were accurate at 
such pressures. 

3. Thermal conductivity. In the theoretical work it was assumed that 
the thermal conductivity of the gas in the reaction zone was independent 
of pressure. This is*true at pressures of the order of some atmospheres. 
The thermal conductivity of a gas must approach that of a liquid as 
the pressure is raised; that is, it must increase. There appear to be 
few experimental data bearing on this point. Enskog has predicted a 
dependence on pressure, roughly parallel to the viscosity. The theory 
has never been tested for conductivity, but it works well for the viscosity, 
at pressures up to some thousands of atmospheres at room temperatures. 
We shall therefore use it to estimate the order of magnitude of the effect 
on the thermal conductivity. The formulas are taken from chapter 16 
of Chapman and Cowling.*! 


4t Chapman and Cowling, The Mathematical Theory of Non-uniform Gases (Cam- 
bridge, 1939). 


68 Gun Propellants 


Let A» be the thermal conductivity at low pressures. Then Enskog 
has shown that the conductivity at any other pressure and the same 
temperature is 


1 6 
X = Xo |- +zbp + 0.757(69)"x| . W) 
X 


where bp is the ratio of the covolume of the gas to the total volume, 
and x is a factor that represents the increase of the probability of a 
collision at high densities and that can be expanded as 


x = 1 + gbp + 0.29(bp)? 


for small values of bp. Inserting this expansion in equation 41, we get 


2 = 1 + 0.575bp + 0.86(bp)? 
0 
The products of burning have a covolume close to 1 ce/g. Their molecu- 
lar weight is about 25, and in the important region of the flame their 
temperature is about 2000°K and their pressure P tons/sq in. This 
makes the density 2.32 X 10~?P g/cc, and bp = 2.32 X 10° ?P, and 
so the percentage increase of the thermal conductivity is 


1.31P + 0.042P? 


which is 43 per cent at 20 tons/sq in. This increases the rate of burning 
by 20 per cent. 

4. Pressure-effect on specific heat. The specific heat of the gases 
increases with pressure. This alters two quantities in the equations: it 
increases the average specific heat, and it reduces the maximum tem- 
perature Tm. The rate of burning is reduced. The magnitudes of these 
effects have been calculated for SC, from the tables of pressure correc- 
tions given in the next chapter. It has been found that this correc- 
tion reduces the rate of burning at 20 tons/sq in. by 20 to 30 per cent. 

5. Change of reaction rate. The formulas we have used for theoretical 
reaction velocities refer to molecular collisions in a dilute gas. At high 
pressures the environment of any molecule tends to become less im- 
permanent, and the motion of any one turns from random motion with 
infrequent collisions to an oscillation in a ‘‘cell’’ with occasional escapes 
to another. This would be expected to alter the number of intermolecu- 
lar collisions effective in producing reaction. However, theoretical 
investigations have led to the conclusion (Fowler and Guggenheim) 4 
‘“ , . that the rate of bimolecular reaction in dilute solution may be 


4 Fowler and Guggenheim, Statistical Mechanics (Cambridge, 1939). 
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expected in general to be about the same as that for the same molecules 
at the same concentration in a gas.” This is applicable to our case and 
shows that the reaction rate will not alter by a large factor at high pres- 
sures. Changes of, say, 50 per cent are not excluded by this general 
statement. Such a change would be expected to be usually an increase; 
that is, it would probably increase the rate of burning. 

6. Diffusion. At normal pressures the diffusion coefficient D is 
known, from both theory and experiment, to be inversely proportional 
to the pressure P. This is assumed in the theory with diffusion, in prov- 
ing that the rate of burning is proportional to the pressure. At high 
pressures the diffusion coefficient must depart from this assumed law, 
but there appears to be no experimental evidence of this. A decrease 
of DP seems most likely, from a theoretical discussion of Fowler and 
Slater. A 10 per cent decrease of DP would increase the rate of burning 
by 10 to 15 per cent. 

To summarize these effects, we may say that on balance they tend to 
reduce the ratio of (rate/pressure) at high pressures, by an amount 
which can be of the order of 20 per cent at 20 tons/sq in. The observed 
effect is the sum of a number of effects with both signs, and there is 
no reason why all propellants should show the same behavior at high 
pressures. A rate of burning increasing faster than the pressure is not 
excluded. 


2.36 The influence of the initial temperature of the 
propellant 

A rise of the initial temperature of the propellant has two effects: 
it increases the surface area of a given stick of propellant, and it raises 
Tm, the final temperature of the products. 

1. Surface area effect. This must be added to the theoretical result 
before comparison with the practical result, for just the same reason as 
in part 1 of the previous section. The rate of change of density with 
temperature is known for SC, and, if we assume that the coefficient of 
linear expansion is the same in all directions, the area of a stick increases 
at the rate of 0.4 per cent per 10°C. In a highly anisotropic case in 
which there were no expansion along the axis of the stick, the area would 
still increase by 0.3 per cent per 10°C. The actual behavior, which is 
strongly anisotropic, lies between these two extremes. 

2. Change of Tm. The rise of Tm can be obtained from the specific 
heats (at constant pressure) of products and solid propellant. It has 
been found that for the propellant under consideration the theoretical 
rate of burning increases by 2.2 per cent per 10°C. 


8 Fowler and Slater, Trans. Faraday Soc., 34 (1937), 81. 
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The total rate of increase with initial temperature is therefore about 
2.6 per cent per 10°C. The experimental results give 3 to 4 per cent 
for this propellant in cord form. 


2.37 Experimental knowledge of the rate of burning 


This comes from two sources: pressure-time curves in closed bombs 
and in chambers with nozzles venting to the open air. These are usually 
called closed vessels and vented vessels, respectively. Pressure-time 
curves in guns are not by themselves of great value, since the phenomena 
in the gun are more complicated than those in a fixed space. For the 
latter the analysis is simpler, but it has to be admitted that the flow of 
gas over the propellant burning in a gun chamber is not reproduced in 
the closed vessel. Thus closed-vessel rates are valuable for comparing 
different batches of nominally the same propellant, while they give but 
an indifferent fit to gun ballistics. The leeway is taken up by adjusting 
factors of one form or another. This point will be seen in chapters 
. 4 and 5. 

The vented vessel can be arranged to subject the propellant to “gas 
erosion” as well as to a nearly constant pressure. Almost all the work 
on rocket propellant has been done in vented vessels, but these have 
not yet been used very much at gun pressures. However, the loss of 
energy through the nozzle of a vented vessel can be duplicated in the 
closed vessel by increasing the heat loss well above the normal value. 
Developing this idea, Dr. Pike has invented a technique that needs 
only an orthodox closed vessel, is applicable from 200 lb/sq in. up to any 
pressure the vessel will stand, and is more accurate, particularly at low 
pressures, than the normal method. Details have not yet been published. 

The analysis of a pressure-time curve in a closed vessel is so obvious 
that it need not be written out here. Correcting the peak pressure for 
heat loss (see § 3.11), one proceeds to correct the pressure at earlier 
times, a highly arbitrary process which is often omitted and which is 
always responsible for most of the error in the rate of burning at low 
pressures. Then, using also the equation of state of the products, one 
obtains the relation between the fraction of charge burnt ¢ and the 
time t. 

Let this relation be 

do 


where D is a mean size representing the effective dimension of the 
propellant grain; for example, for a cord charge D would be the radius 
or diameter. We have to split equation 42 into factors representing 
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the shape of the propellant and its rate of burning as a function of 
pressure. If 


d 
p= = B(P)4(4) (43) 
then 
< = f B(P) dt + constant (44) 


Thus, if we take charges of the same shape and composition and plot 
D f do/g() against | B(P) dt, all such curves should be part of a single 


curve. This is the Schmitz process,“ long classical in this field. 

For simple shapes this process is very useful. When we deal with 
shapes that have perforations, we find perturbations, which indicate 
that the factorization in passing from equations 42 to 43 is not per- 
missible. In this event it seems to be reasonable to use B(P) derived 
from other shapes and to throw the remaining pressure variation into 
g(¢). We have mentioned in § 2.22 how these effects change g(¢). 

It has long been conventional to use 


B(P) = BP* (45) 


with parameters a and 8 depending only on the composition of the pro- 
. pellant. In the early days the value of a varied between 4% and 1. For 
deriving analytical solutions, a = 1 is by far the most convenient. The 
values accepted now for normal propellants are, at gun pressures, 
between 0.9 and unity. With a suitable value of a in this range it is 
possible to fit, to within a few per cent, the rate from 5 to 25 tons/sq in. 

At lower pressures the behavior deviates from the high-pressure 
equation 45, and there is more variety between different propellants. 
For example, a plot of log B against log P for one propellant may show 
a point of inflection, whereas for another there may not be any inflection 
within an attainable range. This is consistent with the increasing 
sensitivity to the physical state of the propellant and to the scale of 
any inhomogeneities. The explanation is almost certainly the rising 
importance, as we go to lower pressures, of reactions which under gun 
pressures are not rate-determining. The combination of several reac- 
tions in series can give rise to a wider variety of behavior than a single 


“ Schmitz, Artill. Monatshefte, 84 (1913), 482; 86 (1914), 85. 

& One a of 1.02 is so little above unity that the difference is not significant. Values 
of a between 0.8 and 0.9 were obtained in early lots of certain propellants. With in- 
creased experience in their production, œ rose to 0.9. This is taken to show partial 
segregation of one component in the early production. 
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reaction, and this explains the individual peculiarities found below 
2 tons/sq in. 

If a formula of type 45 is to be used at rocket pressures, a must be 
less than at gun pressures. For example, a propellant with a = 0.96 
at 10 tons/sq in. gave, below 3 tons/sq in., a steadily decreasing a, 
which had fallen to roughly 0.5 at 1800 lb/sq in.“ 

This fall of a at low pressures is essential to the use of solid propellant 
in rockets. For the rate of flow through the nozzle of a rocket is pro- 
portional to the pressure in the chamber, and, if a were unity, the rate 
of generation of gas would also be proportional to pressure. Thus any 
steady pressure attained in the rocket would be equally a solution if 
multiplied by any factor. The equilibrium would be sensitive to 
disturbances, and the behavior would vary greatly from one round to 
another. If «æ is less than unity, the equilibrium is stable, and, the 
further a is from unity, the better the propellant for rocket work. A 
pressure exponent of 0.9 would be unacceptable in most though not in 
all rockets. An a of 0.7 would be much better. 

The formula, 

B(P) = B(P + Pi) (46) 


where 6 and P, are constants depending on the composition, has found 
support from French ballisticians; Muraour “ has attempted a theoret- 
ical proof, and Dupuis and Chalvet “ use such a formula to represent 
their closed-vessel results. P, is positive and of the order of 1 ton/sq in. 
The very accurate experiments on a British propellant, mentioned 
previously, can be fitted to within a few per cent between 0.8 and 3.5 
tons/sq in., by equation 46 with P, = 14 tons/sq in. For most pro- 
pellants equation 46 is nearer the truth than an index law,” with Pı 
between 0.2 and 3 tons/sq in. Unfortunately, equation 46 is incon- 
venient in the interior ballistic equations. 

Some colloidal propellants can be made to detonate under strong 
confinement and a violent initiating impulse. This has sometimes led 
to fears that propellant might detonate at high pressures in a gun. This 
would be most likely in small arms, where the rate of rise of pressure is 
greatest. The possibility must be taken as unlikely, and there is no 
certain evidence that the process has ever occurred in a gun. The 


4 This latter value of a is what one would obtain from theory if the rate were de- 
termined by a single first-order reaction. 

47 Muraour, Comp. rend., 192 (1931), 227. 

4 Dupuis and Chalvet, Mém. artillerie franç., 18 (1939), 37. 

3I am indebted to Dr. H. H. M. Pike for information on this point. Mansell, 
Phil. Trans. Roy. Soc. (London), 207A (1907), 243, used such a law to represent his 
early experiments. 


“Erosion” of Propellant 73 


burning of propellant has been explored up to about 35 tons/sq in. There 
is no theoretical reason to expect any striking change in the burning 
law at higher pressures. Nevertheless, an experimental check would 
be interesting, and one might have been obtained if the recent war had 
lasted longer: in connection with the German development ‘° of a gun 
to work at 100 tons/sq in., a study of burning at such pressures was to 
have been carried out in a closed vessel during 1945. It is interesting 
to note also that high explosives burn at speeds that are comparable to 
those of propellants. 

The dependence of the rate of burning on the initial temperature is 
usually fairly linear over the range, 0 to 120°F, most important in prac- 
tice. The rate increases by about 3 to 4 per cent for a rise of 10°C. The 
temperature coefficient does not vary greatly from one propellant to 
another, though there is some tendency to be biggest for “hot” propel- 
lants. The coefficient is substantially less in shapes that have narrow 
perforations, such as multitubular grains. This is believed to be due 
to the ‘‘erosion”’ process in the perforations having a different tempera- 
ture coefficient from the normal burning mechanism. 


2.4 ‘‘Erosion’’ of propellant 


The excess pressure inside tubes of burning propellants and the more 
rapid burning at the center of the tube were noticed early, for example, 
by Mansell. The more rapid burning just inside the ends of the tube 
was not mentioned by Mansell, probably because he used a “hot” 
propellant; as will appear later, the effect is least in such cases. The 
effect has been remarked several times, chiefly in its bearing on the true 
form function (see Winter 5), but it was not until the matter became 
important in the design of high-performance rockets that the effect was 
studied seriously. It has been shown experimentally that the rate of 
burning of a propellant surface is increased by gas flow parallel to the 
surface. In a given geometrical setup, for instance in a rocket chamber 
with given dimensions, the effect can be represented as a function of 
velocity. This function applies only to the given setup and propellant. 
The same propellant burning in a different chamber gives an “erosion 
law” with a fairly small though significant difference. It is thought 
that the increase in the rate of burning is really a function of the turbu- 

50 Although the project was directed by the German Army High Command, the 
essential high-pressure technique was contributed by a Frenchman, J. Bassett. When 
the Germans retreated from Paris in 1944 Bassett fled to Switzerland, while the plans 
and the gun were taken to Germany. Work on the gun continued, apparently even 
after the great “project purge” of late 1944. 

5 Mansell, Phil. Trans. Roy. Soc. (London), 207A (1907), 243. 

8 Winter, Mém. artillerie franç., 18 (1939), 775, esp. p. 834. 
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lence at the point considered. For a simple layout this is related to 
the velocity at the point; the relation does, however, depend on the 
geometry. 

A typical propellant shows little ‘‘erosion” until the transverse flow 
reaches 200 to 300 ft/sec. There is a rapid increase at higher velocities. 
A propellant with an explosion temperature (no work done by products) 
of 3000°K can have its rate increased by 15 per cent at 500 ft/sec. 
Cooler propellants show even more striking effects. l 

The rate of burning may be written as the product of the rate at zero 
velocity (a function of pressure) and an ‘“‘erosion factor” depending 
only on the velocity (in a given setup). The erosion factor so defined 
is a slowly varying function of pressure, for colloidal propellants. 

“Erosion” occurs no matter what the nature of the gas that is flowing 
parallel to the propellant surface. The burning propellant is bathed in 
its own products, and these are set into transverse motion by the main 
stream. The hydrodynamical character of the transverse stream settles 
the flow in the products near the propellant surface but cannot alter 
the gas composition at the important distances from the surface. In 
practice, of course, the most common examples have only propellant 
products in the gas flow. 

Very little is known about the variation of the erosion factor with the 
initial temperature of the propellant. It is very likely that the erosion 
factor decreases as the temperature increases. 


2.41 A simple theory * of the erosion of propellant at gun 
pressures 


We shall now consider propellant erosion, using the theory of ordinary 
burning sketched in § 2.33. Although no theory based on a single reac- 
tion appears to be adequate at rocket pressures, the results will probably 
be applicable to propellants in guns. However, the theory of § 2.33 
neglected diffusion in the flame zone. This is permissible as an introduc- 
tion to the subject of normal burning, the equations being simpler and 
qualitative results being largely unaltered. It can be shown, however, | 
that diffusion makes a substantial difference in the theory of erosion. It 
seems best in this book to sketch the effects that are thought to cause 
erosion and, neglecting diffusion, to arrive as quickly as possible at such 
qualitative conclusions as have been confirmed by experiment. 

In § 2.34 we slurred over the question of the nature of the propellant 
at the stage when, hot and partly decomposed, it is pouring out vapor 
into the flame. This omission was due in part to the evidence being 
mainly chemical, and well off the central line of interior ballistics. In 


& Corner, Trans. Faraday Soc., 43 (1947), 635. 
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any case, the question does not affect the theoretical rate of burning 
at gun pressures and zero transverse velocity. 

On the other hand, one can expect the erosion to depend on whether 
the surface layers of the decomposing propellant are solid or liquid. 
Most evidence points to the surface being a mush of intermediate prod- 
ucts in a plastic if not a liquid state, and this will be swept along by high 
stream velocities. The whipping up of spray through the reaction zone 
would increase the rate of burning. We shall neglect this effect, which 
we expect to be small, but which emphasizes that the discussion here 
cannot give more than qualitative results. 

To fix ideas, let us consider a large block of propellant, pierced by a 
long cylindrical cavity of circular section. The burning at the surface 
of this cavity will be studied. We shall calculate how turbulence in- 
creases the heat conductivity near the surface, and the resulting increase 
in the consumption of the flame. This we shall regard as the main 
contribution to the erosion of the propellant. 

The first matter to be considered is the probable value of the Reynolds 
number. For flow in a cylindrical tube, Reynolds number is usually 


taken to be 


locit di 
velocity X radius (47) 


kinematic viscosity 


The kinematic viscosity v is equal to u/p, where pu is the ordinary co- 
efficient of viscosity and p the density. Let us assume that the tempera- 
ture and pressure of the gases are about 2500°K and 10 tons/sq in. If 
the kinematic viscosity is taken to be much the same as that of air 
at this temperature and pressure, its value may be found as follows: 
the viscosity of many gases varies with temperature according to a 
law closely represented by Sutherland’s formula, 


p% 
T+C 


HX 


where C is a constant of the order of 100°K for light gases such as 
nitrogen. Viscosity is nearly independent of the pressure P, for small P, 
and in our rough theory we neglect the actual dependence. Hence, the 
kinematic viscosity can be taken to be proportional to 


T*P 
T+C 


Its value for air at 0°C is 0.132 cm?/sec. Hence, the value at 2500°K 
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and 10 tons/sq in. is about 3 X 107° cm?/sec. As a typical radius we 
may take 0.04 in., and as a typical velocity 250 m/sec, about one quarter 
of the velocity of sound in propellant gases in a gun. The Reynolds 
number is then of the order of 10°. 

Such a high Reynolds number is sufficient to set up turbulence not 
only in the main flow but also in the layer near the boundary. We must 
consider, however, the distance down the conduit in which the turbulence 
is developing. For flow in a cylindrical channel with smooth entry, a 
laminar flow with a large Reynolds number R has a transition to turbu- 
lence within a distance 


10° l 
R xX radius of channel 


This is of the same order as the radius in our example. After this transi- 
tion to turbulent flow has taken place, a further distance is needed before 
the velocity distribution across the channel cross section takes up its 
final form. The distance has been calculated theoretically, assuming 
fully developed turbulence at the start, and has been measured experi- 
mentally. The experimental results are larger than the theoretical by a 
factor of about two. At R = 10°, even the theoretical distance is 30 
diameters. It must be concluded that the flow at any point in the 
conduit is not likely to be described accurately by the final velocity 
distribution in a long channel in which the flow has the constant Reyn- 
olds number appropriate to this point of the cavity. We use this approx- 
imation in this book; however, the reader may find it interesting to 
rewrite the theory to take into account the ‘‘inlet length” nature of the 
flow, by using experimental results for flow over a thin plate parallel 
to the stream (see chapter 10). 

Most experiments on turbulence have been carried out in channels 
with smooth impermeable walls. In the kind of experiment we are 
considering there is an emission of gas from the walls. The velocity 
normal to the surface is fortunately small, of the order of 1 m/sec and 
almost independent of pressure. Over the greater part of the length 
of the channel, this velocity is certainly less than one tenth of the stream 
velocity at the important distance from the wall. It seems reasonable, 
therefore, to use the results of experiments on smooth impermeable walls. 


2.42 Hydrodynamic considerations 
There are three current theories of turbulence: Prandtl’s momentum 
transfer theory; Taylor’s vorticity transfer theory in its two forms (a) 
with symmetrical turbulence, (b) with isotropic turbulence; von Kár- 
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man’s similarity theory.“ The Prandtl momentum transfer theory is 
the most convenient to apply to the flow near a solid surface. The 
vorticity transfer theory does not give satisfactory results for the 
velocity distribution near a wall, which is just the region where the 
momentum transfer theory seems to work best. We therefore use the 
latter theory, a description of which can be found in Fluid Dynamics 
(chapter V, especially § 81).* 

The flow near the wall of a tube depends on the Reynolds number, 
and for a value of about 10° it has the following nature. There is a 
“laminar sublayer” next to the wall, in which the turbulent velocities 
perpendicular to the wall are small. It is obvious that the root-mean- 
square component of velocity perpendicular to the wall must tend to 
zero as the wall is approached.” In the “laminar sublayer” the Reyn- 
olds’ stresses, which represent the transport of momentum across a 
surface due to the velocity fluctuations, are much less than the stresses 
caused by viscosity. 

Outside this layer there is a transition region where the Reynolds’ 
stresses are of the same order as the viscous stresses, both regions to- 
gether forming the “viscous layer.” Farther out lies the greater part 
of the stream, in violent eddying motion with negligible viscous stresses. 

Information about the region near the wall can be obtained from the 
heat transfer from pipes to fluids. This work is summarized in Fluid 
Dynamics, page 654. The simplest model (Prandtl and Taylor) omits 
the transition zone and can be made to fit the experimental data by a 
suitable choice of the thickness of the laminar layer, provided the 
“Prandtl number” of the fluid is near unity. 


This number is 
kinematic viscosity uCp 


— rs 


g- = = 
_ thermometric conductivity A 


where J is the thermal conductivity and C, is the specific heat per unit 
mass. For air at 1 atm, o decreases from 0.77 to 0.72 as the temperature 


54 These are fully discussed in vol. II of Fluid Dynamics (ed. Goldstein, Oxford, 
1938), or Dryden, div. T, vol. VI of Aerodynamic Theory (ed. Durand, Berlin, 1936), 
p. 246, where the relation between the Prandtl and the Taylor mixing lengths is dis- 
cussed. These will be referred to as Fluid Dynamics and Dryden. 

8 For the temperature distribution between rotating cylinders, see Fluid Dynamics, 
p. 663. 

56 See also Prandtl, div. G, vol. III of Aerodynamic Theory, subsequently referred 
to as Prandtl. 

5 Experiments on this point have been carried out by Fage and Townend, Proc. 
Roy. Soc. (London), 135A (1932), 657. 
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rises from 0 to 300°C. The Prandtl number ø is independent of pres- 
sure. In our problem øe is probably not very different from unity. 

We shall show later that the thickness of the laminar region in this 
model is much less than the distance from the surface to the middle of 
the flame. 

A more detailed model has been used by von Kármán,® and the 
results are in better agreement with experiment when the Prandtl 
number is not near unity. In this model the laminar and turbulent 
regions are separated by a transition region with a modified velocity 
distribution. It will appear later that the flame zone lies mostly in the 
transition, partly in the laminar region. 

Consider flow down a cylindrical channel of circular cross section, of 
radius r. Take the origin at the point in the surface where the rate of 
burning is required, with the x axis normal to the surface, and the y 
axis parallel to the axis of the channel. We are considering only the 
normal cross section Oxz. At any point in this plane the velocity of 
the stream down the conduit is U. This is a mean over a time long 
compared with the time scale of the turbulence but smaller than the 
time of a significant change in the flow. U is a function only of the 
distance from the axis of the channel. Let U be the average of U over 
the cross section, and let p be the density and Cp the specific heat at 
any point. 

In discussing the flow in the flame zone, we may treat the wall as 
plane, since its radius of curvature is of the order of 1000 times the 
effective breadth of the flame. 

In flow past an infinitely long plane wall with no pressure gradient, 
the shearing stress in the fluid is constant and equal to the shearing 
stress at the wall, the intensity of the wall friction, usually denoted by 

to. It is convenient to introduce a velocity Vx defined by ® 


To = pVx? (48) 


(Prandtl, page 128). Letn = 2V*/v, which is a “dimensionless distance” 
from the wall, analogous to the use of Reynolds number as a “‘dimension- 
less speed.” 

Let the “mixing length” of the turbulence be l; this is the average 
length of path described by a small mass of the fluid before it mixes 
again with other masses. It is usually assumed in this theory that the 
‘mixing length” is the same for the transport of both vector and scalar 


58 Dryden, p. 228. 

59 Von Kármán, Proc. 4th Congr. Applied Mech. (1934), 77. í 

© V is the same as the U, of Fluid Dynamics, ch. VIII, section III, where the flow 
through a channel is discussed on the momentum transfer theory. 
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quantities, momentum and temperature. This does not always hold 
in practice, but experimental evidence shows that near a wall the two 
lengths are the same.* 

Prandtl’s theory assumes 


dU 
Ve = | (49) 
dx 


near the origin of our co-ordinates. For flow past a plane wall it is 
clear that | must be proportional to x, except in the laminar sublayer. 
Analysis of experimental velocity distributions indicates that, over the 
greater part of the cross section, 


l = 0.42 (50) 


(Prandtl, page 140). This result and the constancy of V» over the 
cross section can be taken as first approximations to the flow with a 
pressure gradient in a channel. 

The relation between U and V is ® 


' rV 
U = Vs (25 In — + 175) (51) 
y 
To obtain V» as a function of Ọ, this equation can be written as 
rŪ rVx rV». 
— = —(2.5ln + 1.75 
v v y 
so that 
v {rU 
Vx =-f (=) (52) 
r v 
where the function f(R) satisfies the equation: 
R = f(R)[2.5 ln f(R) + 1.75] (53) 


We want an explicit form for f(R) when R is near 10°. Typical solutions 
of equation 53 are as follows: 


f R/f R 

104 24.8 2.5 X 10° 
10° 30 3.0 X 10° 
10° 36.3 3.6 X 10 


These show that f(R) = R/30 for a wide range of R near 10°. Substi- 
tuting in equation 52 gives 


6 Dryden, p. 249. 
2 Equation 22.21 of Prandtl, p. 143. 
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U 

30 
It is convenient that the dependence on tube radius r and kinematic 
viscosity v has vanished in this region of high Reynolds number. 


We can now use equation 54 to obtain the dimensionless distances in 
our problem in terms of the mean velocity: 


Vex Ox 
y ~ 30r 


Vx (54) 


= (55) 
Theoretical calculations (§§ 2.33 and 2.34) on the structure of flames 
have shown that, for a typical case of decomposition at 10 tons/sq in., the 
value of z at the most important region in the flame is about 5 X 107° 
cm; if we take Ọ = 250 m/sec and v = 3 X 107? cm?2/sec, we find that 
the important part of the flame is in the neighborhood of 7 = 15. The 
“flame thickness” and v are both inversely proportional to P, so that 
this value for 7 is independent of the pressure. 

The point 7 = 15 lies in a region where the heat transfer by conduc- 
tivity and by turbulent mixing are of the same order of magnitude. 
The most detailed model used so far is that of von Kármán (loc. cit.), 
who distinguished three regions: (1) a laminar layer at the wall, with 
negligible turbulence; (2) a transition region with heat transfer by 
turbulence of the same order as that by conductivity; (3) a fully turbu- 
lent region extending over most of the channel. This division is only 
an approximation, but it gives good agreement with experimental 
results on heat transfer if the boundaries of the zones are taken at 
n = 5 and 30.8 This shows that part of the flame lies in a region where 
turbulence can be neglected and that nowhere in the flame is heat 
transfer by turbulent mixing of paramount importance. 

Up to this point we have found a relation between z the distance from 
the wall and n the hydrodynamical variable. To calculate the heat 
transfer by turbulent mixing we need also a formula for the mixing 
length near the wall. The result (equation 50), which is of the right 
form, is valid at high Reynolds numbers but only for large 7, greater 
than 2500; *“ below this the ratio l/x becomes a function of the Reynolds 
number. However, equation 50 is certainly correct in order of magni- 
tude. Von Kármán’s treatment,® leads to a velocity distribution that 


& A simpler two-zone model has been investigated by Takahasi, Proc. Phys. Math. 
Soc. Japan, 21 (1939), 672, who concluded that the transition ought to be taken at 
n = 8. 

64 Prandtl, p. 141. 

& Fluid Dynamics, p. 657. 
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can be shown to lead to 
lt = 0.2¢ (56) 


in the transition region of his three-zone model. We may write, there- 


fore, 
l = xg(n) (57) 


where g is a steadily increasing function of n, with g(o) = 0.4; g = 0.2 
for n of order 10, and g probably very small for 7 near unity. So far as 
we know, there is at present no other hydrodynamical information about 
the function g. The simplest formula that satisfies these requirements 
appears to be 

0.47 


em 0» 


These results give some support for our approximation of taking the 
velocity and mixing-length distributions to be those appropriate to 
the Reynolds number at the cross section in question and not to the 
Reynolds number at some section further upstream. For at these high 
Reynolds numbers //x depends only on n, which, at a given z, does not 
depend strongly on the section chosen. Also Vs/U is independent of R. 

We have now found all the hydrodynamic quantities needed in the 
calculation of the extra heat conductivity in the flame, due to the turbu- 
lence of the flow. l 


(58) 


2.43 Effective thermal conductivity in the flame 

The flame speed depends on the thermal conductivity of the gases 
in the flame zone. Turbulence enhances this conductivity and, hence, 
increases the flame speed. It is usual to assume that the effective heat 
conductivity is the sum of the ordinary thermal conductivity together 
with an ‘‘eddy conductivity,” calculated as follows. 

Let C, be the specific heat of the fluid at constant pressure, per unit 
mass. In unit time the heat transferred across unit area normal to the 
x axis, in the direction of x increasing, is ® 

Cp dU | aT 
ee | dx | 0x 
and the extra conductivity is therefore pC,l?|dU/dz|, which from 
equation 49 is equal to 


Ux 
pCplV* = pCp 30 g(n) (59) 


Prandtl, p. 163. 
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from equations 54 and 57. Let Ao be the ordinary thermal conductivity 
of the gas in the flame. Strictly, this varies through the flame, but 
only slowly, and an average value can be taken without much error. 
Near the surface the effective conductivity is therefore 


Ox 
A= Ao + PCy 30 g(n) (60) 


2.44 Rate of burning with turbulence 


In the previous section we have derived formula 60 for the conduc- 
tivity near the decomposing surface. One way of finding the rate of 
burning associated with such a conductivity would be to integrate 
numerically the equations of the flame zone. It is also possible to use 
an approximate method, which gives an explicit formula for the rate 
of burning and which is more in keeping with the order of approximation 
adopted up to this point. In this method we replace the constant 
conductivity ào, appropriate to burning with U = 0, by a different 
constant value derived from equation 60 by giving the quantities, 
which vary through the flame, their values for the most important 
region. This will be in the part where the reaction is half completed. 
This treatment can be expected to give the right dependence on the 
pressure, mean velocity, and properties of the reactant and can lead to 
the right order of magnitude for the various coefficients. The method 
has been tested by comparison with the results of numerical integration 
of a number of typical flames, and the agreement is reasonably satis- 


factory. 
Using suffix 0 to denote values in the most important region of the 
flame, we have 
a ae (=) (61) 
h Sy NBO 


We have shown in § 2.33 that, for a second-order reaction, ro œ \“4P7?, 
and the rate of burning is proportional to A*P. We write ¢ = (A/Ao)%, 
so that, with regard to pressure and turbulence, the dependence of zo is 
xo x ¢P— and the. consumption by the flame is proportional to ¢P. 
Since po and v9! are proportional to the pressure, we have from equa- 
tion 61, 


¢? = 1 + [y0¢g(0¢8)] (62) 


where y and ô depend only on the nature of the propellant. Since in 
this case equation 62 for ¢ does not contain the pressure, the rate of 
burning can be written as proportional to pressure multiplied by a 
function of U. 
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For a typical propellant, yielding gases at a final temperature of 
2500°K, it can be shown that C, of the products = 0.4 cal/g, po = 10 ™%P 
g/cc, vo = 5/P em?/sec, Mo ~ 2 X 10™% cal/em? sec (°C/em), and 
zo = 8 X 1072/P cm at U = 0. These lead to the orders of magnitude, - 


y~b~5d5 X 10 


when U is measured in centimeters per second. 
Table 2.3 shows our estimates of y and ô for three propellants, giving 
very different final temperatures. The quantity 6 appears to vary as y?, 


TABLE 2.3 VARIATION OF y AND ô WITH THE FINAL TEMPERATURE 


Temperature 
of Products 
at Constant Relative Values of 
Propellant Pressure, °K Y ô 
A37/2 3000 0.77 0.60 
449 2500 1 1 
$278 1800 1.33 1.70 


roughly. The effect of gas flow over the surface is predicted to be 
greater, the cooler the final products. This certainly agrees with ob- 
servations made since this theory was first put forward. A similar effect 
has been noted in experiments with gas mixtures: ® a fast-burning 
mixture is less affected by whirling of the gas than is a slow-burning mix- 
ture. The physical explanation is presumably analogous to that of our 
result. In the case of propellants the striking increase in “‘erosion’”’ on 
going to “cooler” propellants is caused by quite small changes in the 
flame thickness; the magnification comes from the rapid variation of 
turbulence in going out from the surface. A moderate decrease of flame 
thickness is sufficient to suppress erosion almost entirely. 


EXAMPLES 


1. Calculate the geometrical form function up to “sliver point” for a short 7-perfo- 
rated grain in terms of the fraction remaining of the geometric web size. Fit this 
relation by 


= (1 —f)(l + 9) 


where f refers to a new effective web size D’, and 6 and D’ are chosen for best fit. 
Evaluate numerically for the typical dimensions: grain length = 2.5 X grain diam- 
eter = 25 X perforation diameter. 

2. Show that, if the gases in a reaction zone obey equation 40 of § 2.35 at all pres- 
sures, the rate of burning tends to a finite limit at very high pressures. 


* Kratz and Rosecrans, Univ. Illinois Eng. Expt. Sta. Bull. 183 (1922). 
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3. Show that for any reaction rate of the form f(e, T) the rate of burning and the 
flame thickness are proportional to \”. 
4. A first-order reaction has 


Jle T) = BY — e&) 


Obtain a formula for the flame speed by the process used in § 2.33. 

5. Write down the equations of a flame zone with diffusion coefficient D for the 
diffusion of products into reactants. 

6. Show that, since DP is independent of P at moderate pressures, the dependence 
of the flame consumption on P is not altered by including diffusion, except at very 
high pressures. 


=å 
e7 A/RT 


The Thermochemistry 
CHAPTER THREE 
of Propellants 


3.1 Sketch of closed-vessel technique 


The closed vessel was first used extensively in ballistic research by 
Noble, from about 1860, and especially by Vieille, who was the first to 
obtain pressure-time curves. Vessels of the Vieille type had a volume of 
order 150 cc, and their maximum load was consequently only an ounce 
or two. After publication of the research carried out for Krupps by 
Schmitz,! there was a swing toward bigger vessels, which by taking bigger 
charges reduce round-to-round variations. Schmitz used a closed vessel 
of 3% liters capacity. Such large vessels have a small surface-volume 
ratio, and the cooling correction, being much smaller, can be estimated 
with greater accuracy. Indeed, cooling corrections are often omitted 
when using such large closed vessels, on the ground that the cooling is 
of the same order as in a gun. 

Closed vessels have been fired at pressures up to 35 tons/sq in., though 
a more normal figure is 20 tons/sq in. This is attained at a density of 
loading of about 0.2 g/cc. With a cylindrical vessel, built in the same 
manner as a gun chamber, there is no difficulty in meeting these pressures 
with a reasonable safety factor. Expansion of the capacity by high 
pressure is allowed for in the most accurate work. 

It has been explained in chapter 1 that pressures are measured in 
guns by piezoelectric gage or by copper crusher, the latter measuring 
only maximum pressure. Crusher gages are now used in closed vessels 
only in the form of the recording crusher gage, which gives a pressure- 
time record. This gage is of great historical importance, because by its 
invention Vieille first put a time scale into closed-vessel technique. The 
recording crusher gage is still used in France but has been abandoned 
elsewhere. 

The piezoelectric gage is used in the closed vessel in the same way as 
ina gun. Since the pressure remains on the gage for a few seconds, until 


1 Schmitz, Artill. Monatshefte, 84 (1913), 482; 86 (1914), 85. 
85 
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the release valve is opened, the gage is more roughly handled than in a 
gun. The accuracy attained is better than 1 per cent. 

The most accurate method of measuring pressure in a closed vessel is 
by a mechanical gage. In England, for example, the gage used is a 
descendant of the Petavel gage. A piston, protected from the hot gases 
by luting, deflects a spring of high natural frequency, in the form of a 
tube surrounding the piston. The motion is registered by an optical 
lever using a mirror tilted by the piston, being finally recorded on a 
rotating drum. The accuracy obtained is well within 1 per cent of full 
deflection. The natural frequency is of the order of 5000 cycles/sec, 
so that the spring gage cannot be used for the most rapid phenomena, 
where the pressure may rise from zero to maximum in a few milliseconds. 
Here the piezo gage is used instead. 

Piezo and spring gages are calibrated by a dead-weight press. In the 
former the calibration, expressed as a charge per unit pressure, changes 
very slowly with time. The deflection on the record depends also on the 
amplification of the electric circuits, which is varied to give full deflec- 
tion at the expected peak pressure; the amplification is measured before 
each round by switching known voltages into the input, so that the de- 
flections on the film can be interpreted as pressures. 

Obturation against the hot gases is important, and in some types of 
gage even apparently trivial changes in the method of obturation may 
cause systematic changes of several per cent in the pressure. These 
small but important points of technique we cannot discuss in this book. 
Another such matter is the problem of the release valve, which has to 
withstand the repeated high-velocity flow of hot dense gas. 

Simultaneous ignition on all surfaces of the charge can be achieved by 
filling the vessel with an inflammable gas mixture and passing an electric 
spark. This method of ignition differs substantially from that used in 
guns, so that a more favored (and more convenient) method is to use 
an electric wire, igniting a small charge of gunpowder or porous nitro- 
cellulose. A method still nearer gun practice is to put the propellant in 
a cartridge case with an ordinary primer, exactly as in a gun, and to fire 
by a striker blow on the primer. The cartridge case also provides the 
obturation for the breech of the closed vessel. The approach to gun 
conditions is limited only by the density of loading being about half that 
in a gun working at the same peak pressure. 

The interior shape of a closed vessel is usually a short cylinder, about 
2 diameters long. Longer cylinders are apt to give pressure waves, es- 
pecially with end ignition of a small charge,? and the pressures recorded 
in the waves are often substantially greater than the normal maximum 


2 For recent work, see Liebessart, Mém. artillerie franç., 18 (1939), 345. 
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pressure for this weight of charge. The first observation of such waves 
was made by Vieille. They are not confined to closed vessels, having 
been found also in guns firing charges that fill only a small part of the 
chamber. That the peak pressure was unusually high in such cases was 
known to Robins (1742), by bursting guns. In modern howitzers the 
lowest charge cannot be bulky if the highest charge is to be loaded easily, 
and so the lowest charge is fired as a small charge in a large chamber; to 
reduce the possibility of pressure waves, the charge must be spread along 
the chamber, and the bottom charge is therefore usually made up as a 
long bundle surrounding the primer. Another interesting application is 
the release of jammed shot. It sometimes happens that a shot sticks in 
the bore well toward the muzzle. This can happen only with small 
charges. To clear the bore it is not advisable to use a normal charge, for 
the expected low maximum pressure in the large available volume will 
be considerably exceeded by the peak pressure in the waves, which will 
usually be set up. Since one cannot hope to get any reasonable charge 
well distributed between breech and shot, it is best to use a very small 
charge. 

To return to the construction of the closed vessel, it is usual to provide 
a liquid jacket to enable firings to be carried out over a wide temperature 
range. The limits for routine work are +60 and —20°C. 


3.11 Cooling corrections 


From the pressure-time curve and the equation of state of the uncooled 
products of the burning, one can derive the charge burnt as a function 
of time and, finally, the rate of burning at any stage. Before this is 
carried through, two corrections should be applied to the observed pres- 
sure-time curve. The first is to subtract the pressure generated by the 
igniter; this correction is easy te make to sufficient accuracy, since it 
rarely exceeds | per cent. 

The second correction is more important. The pressure at each in- 
stant has to be corrected for the cooling loss up to that time. The ef- 
fect is biggest in small vessels and may rise to 10 per cent. When large 
vessels are used, with a capacity of about 2 liters, cooling corrections are 
often neglected in closed-vessel and then in gun calculations on the 
ground that the effects will cancel. To make this more plausible, the 
closed vessel is designed to emphasize the resemblance to a gun chamber. 
Even so, the gas velocity along the walls, which is often considerable at 
the moment of maximum pressure in the gun, cannot be reproduced in 
the orthodox closed vessel, and the accuracy of ballistic prediction suf- 
fers thereby. If we trace the error further, it is found that the variation 
is absorbed, sooner or later, in some empirical factor, from which no 
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theory of the central problem of interior ballistics is free. The vari- 
ability of this empirical factor is somewhat greater than if cooling cor- 
rections were included in the closed-vessel analysis, but, if, from some 
other approximation, this variation is already large, the additional vari- 
ation may be unimportant. If the closed-vessel results are to be used ina 
rough ballistic theory, it may not be worth while to apply cooling corrections. 

Assuming, however, that we wish to make as good a job as possible 
of our closed-vessel work, we must apply cooling corrections. Closed 
vessels with a range of values of (surface/volume) are used, and the 
pressure-time curves from the different vessels, each a mean of several 
rounds, are extrapolated to zero surface. Two vessels, a large and a 
small, may be used, or the area of a low-loss vessel may be increased 
when needed by a removable grid. In any case the work is more than 
doubled, though by tabulation of corrections for various propellants the 
extra labor does eventually become small. 

This method was first used by Petavel,* followed by Muraour ‘4 and 
Burlot,® with later work by Muraour.® Their results may be summed as: 
for a given density of loading and propellant, 


S 
AP œ — ¢* 
U 


where 5S is the cooling area, U the volume of the vessel, and t the time to 
burn the propellant. n is about 44. At constant S/U and t, AP/P is 
independent of the nature of the propellant, and, at constant S/U and 
web size, AP/P is almost independent of the density of loading. 

Crow and Grimshaw 7” considered the loss of heat by conduction from 
the gas, at the explosion temperature, straight into the metal walls, and 
determined the thermal conductivity of the metal by fitting to results 
at two values of S/U. Since the conductivity turns out to be far less 
than that for steel at normal temperatures, it seems that the resistance 
to heat transmission must occur at some other stage. This also vitiates 
the recent work of Schweikert.2 Kent and Vinti have studied the matter, 
assuming that the resistance to heat flow occurs mainly in a layer of gas 
close to the surface. They found a heat loss proportional to (web)”%, 
using the data of Crow and Grimshaw. The theory of cooling correc- 
tions is not yet in its final form. 

3 Petavel, Phil. Trans. Roy. Soc. (London), 206A (1906), 357. 

4 Muraour, Mém. artillerie franç., 3 (1924), 339. 

$ Burlot, Mém. poudres, 21 (1924), 411. 

6 Muraour, Mém. artillerie franç., 4 (1925), 460. Muraour and Issoire, ibid., 18 
(1939), 13. 

7 Crow and Grimshaw, Phil Trans. Roy. Soc. (London), 230A (1931), 39. 

8 Schweikert, Tech. Hochschule Berlin Repi. 44/17. 
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3.2 Theory of the equilibrium state after burning without 
cooling or performance of work 


We consider the burning of a propellant in absence of air, and under 
conditions in which the products do no work against external forces, 
nor are they cooled. It is our aim to calculate the equilibrium state of 
the products: namely, the temperature and composition of the gases. 
To fix ideas we may think of the final state in a closed vessel. Here the 
air initially in the vessel is negligible in mass compared with the charge; 
the work done by expanding the walls is small and easily computed; 
cooling corrections can be applied, as described in the previous section. 
The only point to be noted is that equilibrium is attained only after a 
short but finite time, and, if the gases were of zero thermal conductivity 
and no convection currents were set up, there never would be any single 
equilibrium state in the vessel. For the earliest-formed gas is compressed 
by the later, and the former is heated by the compression, and the latter 
is cooled by doing work; thus the gas temperature is highest near the 
walls, until conduction and convection have equalized the distribution. 

We begin with the simplest theory, without dissociation or pressure 
corrections. Then dissociation is introduced, and after a discussion of 
experimental results the pressure corrections, shown to be needed, are 
given a theoretical backing. 


3.21 Theory without dissociation or pressure corrections 


We consider 1 g of propellant, which for conventional types will be 
composed of carbon, hydrogen, nitrogen, and oxygen atoms. Small 
quantities of potassium salts are often added to reduce flash, and chalk 
is usually present in amounts up to 1 part in 1000 by weight. These 
constituents will be neglected here. 

Let the propellant contain {C} g-atoms of carbon, {H} of hydrogen, 
{N} of nitrogen, and {O} of oxygen. The products consist of CO,, CO, 
H20, He, and N3 in comparable quantities, together with much smaller 
amounts of their dissociation products: OH, H, NO and, at temperatures 
around 3500°K, some Oz, O, and N. We neglect dissociation products 
in this section. With very cool propellants it is possible for soot to form, 
although, so far as we know, it has never been formed at the explosion 
temperature, but only after considerable cooling. Soot formation is 
considered in § 3.4. Methane and ammonia are formed in small quan- 
tities on cooling, but not in important quantities at the equilibrium ex- 
plosion temperature. 

Let [CO2] be the number of moles of CO; in the products, with a 
similar notation for other products. Let n be the total number of moles 
in the products of 1 g, so that 
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n = [CO2] + [CO] + [H20] + [H2] + [N2] (1) 


Let the temperature of the propellant before burning be 300°K. It is 
easy to correct to other temperatures later. 

Consider a state in which the temperature is T°K and the volume oc- 
cupied by the gases is V cc, and let P be the pressure. If the products 
are in chemical equilibrium, P is determined uniquely by V and T. In 
this section the products are assumed to be perfect gases. Hence, 


p= nRT 2) 
Bii 4 


where R, the gas constant per mole, is 82.06 ® if the pressure is in atmos- 
pheres and 0.5384 if the pressure is in tons per square inch. 

We start with any values of V and T and calculate [CO3], ete., and n. 
These in fact depend only on the temperature, in the present approxima- 
tion. Knowing the products at any temperature T°K, we can calculate 
the energy needed to heat such gases from 300°K to T°K and also the 
energy released by breaking down propellant at 300°K to these gases at 
300°K. Equating these two energies gives the temperature, To°K, of 
the equilibrium products of burning without cooling or performance of 
external work. This may be called the “uncooled explosion temper- 
ature” or the “adiabatic flame temperature.” 

To calculate the composition at any temperature, we can use the 
conservation of atomic types: 


[CO2] + [CO] = {C} © 8) 

[CO] + [H20] + 2[CO2] = {0} (4) 
2[H20] + 2[H2] = {H} (5) 

2[N2] = {N} (6) 


One more equation is needed to determine the five unknowns [COg], 
--- [Nə]. This is supplied by the equilibrium constant for the water- 
gas reaction: 

[CO][H20] _ 


——— = K,(T 7 
coma P (7) 


where Ko(T) is tabulated in Table 3.1. Since V does not enter equations 
3 to 7, the composition is independent of the density of the products. 


? Birge, Rev. Modern Phys., 13 (1941), 233. 


TABLE 3.1 EQUILIBRIUM CONSTANTS aT ZERO DENsITY * 


Notation explained in text. For interpolation, log K is nearly linear in 1/7 in most parts of the table. 


T, °K Ko Ki Ko Ky Ki K; Keg Ky Kg Ko 

800 0.2478 31.25 2.91 X 107? 1.35 X 1074 
1000 0.7286 3.72 X 107? 5.64 X 1074 2.33 X 107? 
1200 1.435 3.99 x 107* 1.85 X 1074 0.698 

1400 2.270 1.55 X 107% 8.2 x 1075 7.65 

1500 2.704 4.2 x 1078 5.9 x 1075 19.9 

1600 3.132 6 X 1075 1.35 x 107% 4.5 x 1075 45.4 

1700 3.555 2x 1074 4.9 <x 1077 3.5 X 1075 91.2 

1800 3.975 4 X 1074 2 X 1075 2.0 X 1077 2.8 X 10% 170 

1900 4.385 9 x 107! 6 x 1075 9.2 x 1078 2.3 x 1075 304 

2000 4.782 0.0016 2x 10-4 4.5 x 1078 1.9 x 1075 513 

2100 5.161 0.0031 4x 1074 2x 1075 2.4 x 1078 1.6 X 1075 802 

2200 5.520 0.0057 8 x 107~* 5 X 1075 1.3 x 1078 1.4 x 1075 1.20 x 10? 
2300 5.852 0.0097 0.0016 1074 1075 10-5 1.2 X 1075 1.71 x 108 
2400 6.155 0.0159 0.0029 2x 1074 3 x 1075 3 x 1075 1075 1.1 x 1075 2.38 x 103 
2500 6.433 0.0251 0.0052 4 X 1074 7 X 1075 9 x 1075 3 x 1075 1.0 x 1075 3.31 X 103 
2600 6.694 0.0383 0.0090 7x 1074 2x 107 2x 1074 10~4 0.9 x 1075 4.22 x 10 
2700 6.939 0.0566 0.0146 0.0012 3 X 1074 5 x 1074 2 x 1074 0.8 x 10™ 5.48 X 103 
2800 7.167 0.0814 0.0231 0.0020 5 x 1074 0.0012 5 x 1074 0.8 X 1075 6.98 x 103 
2900 7.379 0.1143 0.0355 0.0034 8 x 1074 0.0026 0.0010 0.7 X 1075 8.71 X 10? 
3000 7.574 0.1574 0.0529 0.0055 0.0014 0.0053 0.0020 0.6 x 1075 1.07 x 104 
3100 7.753 0.2125 0.0768 0.0086 0.0022 0.0103 0.0038 

3200 7.917 0.2813 0.1089 0.0129 0.0035 0.0190 0.0071 

3300 8.068 0.3658 0.1513 0.0188 0.0053 0.0339 0.0126 

3400 8.205 0.4682 0.2064 0.0271 0.0078 0.0586 0.0216 

3500 8.330 0.5910 0.2760 0.0387 0.0113 0.0978 0.0358 

3600 8.443 0.7367 0.3626 0.0539 0.0161 0.1591 0.0580 

3700 8.544 0.9079 0.4693 0.0734 0.0225 0.2516 0.0917 

3800 8.633 1.1070 0.6001 0.0982 0.0309 0.3886 0.1412 

3900 8.710 1.3360 0.7589 0.1300 0.0417 0.5878 0.2132 

4000 8.775 1.5970 0.9495 0.1693 0.0554 0.8711 0.3157 


* References. All equilibrium constants taken from a compilation by Professor J. L. Hirschfelder, except for Ky, from tables of Dr. Pike, and Ky, from Kassel, J. 
Am. Chem. Soc. B6 (1934), 1838. è 
For tables 3.1 to 3.4 and 3.18 I am indebted to Professor J. O. Hirschfelder and Dr. H. H. M. Pike, whose compilations of data have found many ballistic applications. 


SU0I}IILIOT) DINSSAIG 10 UONVBPOSSIA JNOYIIM A1OIYT, 


16 


92 The Thermochemistry of Propellants 


This is, of course, due to the number of molecules remaining constant 
during the water-gas reaction 


CO: + H: = CO + H20 
[CO3] is the solution z of 
(Ko ~ D)e? + 2[{O} + Ko(3{H} + {C} — {0})] + 
[C}(C} — {0})=0 (8) 


and 
[CO] = {C} -z (9) 
[H20] = {O0} — {C} — z (10) 
[Ho] = 4{H} — {0} + {C} +2 (11) 
[No] = {N} (12) 
with finally 
n = 3{H} + ${N} + {C} (13) 


Thus the pressure can be calculated, in this approximation, without 
knowledge of the water-gas equilibrium constant. 

We now find the energy required to heat these gases at constant vol- 
ume from 300°K to T°K. This can be done for each gas by a summation 
over the energy levels of the isolated molecule (for we are assuming per- 
fect gases), and these levels are known from spectroscopy. Table 3.2 
gives the internal energy so computed, relative to 300°K, in the form of 
the mean specific heat from 300°K to T°K. The specific heat is used 
only because it is a more slowly varying function than the internal 
energy. The specific heats of Table 3.2 are for 1 mole of each substance.” 
Multiplying by the numbers [COg], etc., and summing over the 5 constit- 
uents, we find the internal energy of the products at temperature 
T°K, relative to the same gases at 300°K. We write the energy as 


E = 2[CO2]Eco,,0 (14) 


where the suffix 0 indicates that this is strictly the energy at zero density. 
In § 3.24 we shall add terms proportional to the first and second powers 
of the density. 

The energies of formation of the propellant from graphite, hydrogen 
gas, nitrogen gas, and oxygen gas, all at zero density, 300°K, and with- 
out performance of work on the external pressure, can be calculated 
from Table 3.3. There the energies of formation of the common con- 
stituents are listed. In passing from the separate constituents to the 
gelatinized propellant there is an energy change that is known to be 


10 The calorie used in these tables is 4.1833 international joules. 
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TABLE 3.2 Mean Speciric Heats Cy, AT Zero DENSITY 


The values tabulated are the mean specific heats from 300°K to T°K, in calories per 
mole per degree. These are specific heats at constant volume; to obtain specific 
heats at constant pressure add 1.987. For monatomic gases Cy = 2.980. For inter- 
polation over short intervals, use may be made of the fact that Cy is nearly linear 


in 1/7. 

T,°K CO: H:0 co Hə N2 OH NO (67) CH, NH; 
800 8.896 6.599 5.244 5.019 5.179 5.092 5.432 5.570 9.870 8.322 
1000 9.409 6.883 5.403 5.059 5.326 5.136 5.597 5.759 11.129 9.021 
1200 9.824 7.176 5.553 §.117 5.468 5.197 5.744 5.915 12.243 9.672 
1400 10.165 7.467 5.684 5.191 5.598 5.288 5.871 6.044 13.235 10.270 
1500 10.313 7.612 5.743 5.232 5.658 5.337 5.927 6.100 13.683 10.548 
1600 10.449 7.752 5.799 5.275 5.714 5.385 5.979 6.152 14.098 10.811 
1700 10.574 7 .887 5.851 5.318 5.767 5.432 6.026 6.202 14.486 11.061 
1800 10.690 8.017 5.899 5.362 5.816 5.477 6.069 6.248 14.849 11.298 
1900 10.797 8.142 5.944 5.407 5.862 5.520 6.109 6.292 15.188 11.523 
2000 10.896 8.263 5.986 5.451 5.906 5.563 6.147 6.335 15.506 11.735 
2100 10.989 8.380 6.026 5.495 5.946 5.606 6.183 6.375 15.798 11.936 
2200 11.075 8.492 6.063 5.538 5.984 5.648 6.217 6.413 16.083 12.126 
2300 11.156 8.599 6.098 5.580 6.020 5.691 6.250 6.450 16.347 12.307 
2400 11.233 8.702 6.131 5.621 6.054 5.734 6.281 6.486 16.595 12.478 
2500 11.305 8.801 6.162 5.662 6.086 5.774 6.309 6.522 16.828 12.640 
2600. 11.373 8.896 6.191 5.702 6.117 5.812 6.335 6.557 

2700 11.437 8.988 6.218 5.740 6.146 5.849 6.360 6.591 

2800 11.498 9.076 6.244 5.778 6.174 5.885 6.384 6.625 

2900 11.556 9.160 6.269 5.815 6.200 5.922 6.406 6.658 

3000 11.611 9.241 6.293 5.851 6.225 5.957 6.427 6.690 

3100 11.664 9.319 6.315 5.886 6.249 5.990 6.448 6.721 

3200 11.714 9.395 6.336 5.920 6.271 6.023 6.468 6.752 

3300 11.762 9.468 6.356 5.953 6.293 6.054 6.487 6.782 

3400 11.808 9.538 6.376 5.985 6.314 6.085 6.505 6.812 

3500 11.852 9.605 6.394 6.017 6.333 6.114 6.522 6.841 

3600 11.895 9.670 6.412 6.047 6.352 6.143 6.539 6.869 

3700 11.936 9.733 6.429 6.077 6.370 6.170 6.555 6.896 

3800 11.975 9.794 6.446 6.106 6.385 6.197 6.570 6.923 

3900 12.013 9.852 6.462 6.135 6.404 6.223 6.585 6.949 

4000 12.050 9.908 6.477 6.163 6.420 6.248 6.599 6.974 

Source: a b c d ce f g h i t 


a Kassel, J. Am. Chem. Soc., 56 (1934), 1838. 

b Gordon, J. Chem. Phys., 2 (1934), 549; Stephenson and McMahon, ibid., T (1939), 614; E. B. Wilson, 
Chem. Rev., 27 (1940), 17. 

€ Johnston and Davis, J. Am. Chem. Soc., 56 (1934), 271. 

4 Davis and Johnston, ibid., 1045; Giauque, ibid., 52 (1930), 4816. 

£ Giauque and Clayton, ibid., 55 (1933), 4875. 

f Johnston and Dawson, ibid., 55 (1933), 2744, above 3000°K; otherwise, from Lewis and von Elbe, 
Combustion, Flames, and Explosions of Gases (1938). 

£ Johnston and Chapman, J. Am. Chem. Soc., 55 (1933), 155, above 2000°K; otherwise, from Lewis 
and von Elbe, loc. cit. 

h Johnston and Walker, J. Am. Chem. Soc., 57 (1935), 682, corrected for 1A state by Hirschfelder. 

* Hirschfelder. 


small and is always neglected. It is thought to be a few calories per 
gram. 

Table 3.4 lists the energies of formation of the product gases, when 
formed from graphite, hydrogen gas, nitrogen gas, and oxygen gas, all 
at 300°K and zero density and without performance of external work. 
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TABLE 3.3 ENERGIES OF FORMATION AND ATOMIC COMPOSITION OF PROPELLANT 
CONSTITUENTS * 


For Formation from Graphite, Hydrogen Gas, Oxygen Gas, and Nitrogen Gas at 
300°K and Zero Density; Constant Volume Conditions; Compositions in Units of 


10-5 mole/g 
Mol. Atomic Composition EF, 
Substance Wt. Cc H N (8) cal/g Ref. 

Nitrocellulose, 11.5% N 2335 3070 821 3587 694 a 

12.0 2275 2935 857 3609 657 

12.2 2251 2881 871 3618 643 

12.4 2228 2828 885 3626 629 

12.6 2204 2774 899 3635 614 

12.8 2180 2720 914 3644 600 

13.0 2156 2666 928 3653 586 

13.2 2132 2612 942 3662 571 

13.5 2097 2531 962 3675 550 
Nitroglycerine, C3H5 N309 227.1 1321 2202 1321 3964 349 b 
Ethyl centralite (carbamite), C;7H2N2O 268.2 6339 7458 746 373 55 c 
Mineral jelly, CopH42 282.3 7084 14876 0 0 422 d 
Acetone, CsHsgO 58.1 5168 10336 O 1723 996 d 
Diphenylamine, Ci2Hu N 169.1 7096 6505 591 0 —204 e 
Nitroguanidine (picrite), CH4N402 104.1 961 3844 3844 1922 207 Í 
Camphor, C)9H1,0 152.2 6569 10510 0 657 445 d 
Dinitrotoluene, C;HgN204 182.1 3843 3294 1098 2196 14 g 
Dibutylphthalate, CigH2204 278.3 5748 7904 QO 1437 679 h 
Diamylphthalate, CigH 204 306.4 5875 8486 0 1306 678 h 
Ethyl alcohol, C2H50H 46.1 4343 13030 O 2172 1393 i 
Diethylene glycol dinitrate, C4H8 N 207 196.1 2040 4079 1020 3569 517 j 


* For the data in this table I am indebted to a compilation by Dr. Pike. 

a Interpolated from mean data of Prettre, Mém. poudres 24 (1930), 223, and Schmidt and Becker, 
Z. ges. Schiess- u. Sprengstoffw., 28 (1933), 280. 

> Mean value from Schmidt and Becker (loc. cit.) and Rinkenbach, Ind. Eng. Chem., 18 (1926), 1195. 

© Schmidt and Becker, loc. cit. 

4 Kharasch, Bur. Standards J. Research, 2 (1929), 359. 

€ Mean of three values, two by Kharasch (loc. cit.) and one by Schmidt and Becker (loc. cit.). 

Í Determined in Armament Research Department, Ministry of Supply, England. 

£ Schmidt, Z. ges. Schiess- u. Sprengstoffw., 29 (1934), 262. 

h Ambler, J. Soc. Chem. Ind. (London), Transactions, 40 (1936), 291. 

í Bichowsky and Rossini, Thermochemistry (1936). 

i Rinkenbach, Ind. Eng. Chem., 19 (1927), 925. 


Thus we find 


A(EF) = energy of formation of products — energy of formation of pro- 
pellant 


and, finally, ¢ = E — A(EF). The temperature of uncooled explosion 
To is that which makes ¢ = 0. Since the nature of the products depends 
on T, not only E but also the term A(EF) is a function of T. 

A numerical example will help. Propellant X has {C} = 2238, 
{H} = 3014, {N} = 1044, {O} = 3468, all in 10`% mole/g, and the 
energy of formation of the propellant is 470 cal/g. The atomic ratios 
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TABLE 3.4 ENERGIES OF FORMATION OF PropuUCTsS 


From Graphite, Hydrogen Gas, Nitrogen Gas, and Oxygen Gas at 300°K and Zero 
Pressure; Constant Volume Conditions; Energies in Kilocalories per Mole 


Molecular Energy of 

Substance Weight Formation Reference 
Co 28.01 26.69 a 

CO2 44.01 94.03 a 

H20 liquid 18.02 67.43 a 

H20 gas 57.50 a 

CH; 16.03 17.27 a 
NH; 17.03 10.38 b 

NO 30.01 —21.53 c 

OH 17.01 —9.31 cd 

N 14.01 —85.25 e 

O 16.0 —58.75 e 

H 1.008 —51.79 e 

a Rossini, J. Research Natl. Bur. Standards, 22 (1939), 407; also Fiocke, bid., 5 


(1931), 479. 
è Bichowsky and Rossini, Thermochemistry (1936). 
¢ Lewis and von Elbe, Combustion, Flames, and Explosions of Gases (1938). 
3 Dwyer, Phys. Rev. 69 (1941), 928. 
¢ Herzberg, Molecular Spectra (1939). 


have been calculated from the nominal composition by the data given 
in Table 3.3. 

The:product composition at various temperatures, computed from 
equations 8 to 13 with Table 3.1, are given in Table 3.5. Tables such as 
3.3 are sufficiently smooth to permit computation of such quantities as 


TABLE 3.5 Major Propucts aT Various TEMPERATURES, FROM PROPELLANT X 


Compositions in 107% mole/g; Energies in cal/g 


T,°K [CO] [CO] [H20] [He] [Nx] A(#F) E f 

1000 797 1441 4383 1074 522 913.0 185.4  —727.6 
2000 429 1809 801 706 522 876.8 493.9  —382.9 
2500 377 1861 853 654 522 871.7 662.6  —209.1 
3000 350 1888 880 627 522 869.0 836.9 —32.1 
3100 346 1892 884 623 522 868.6 872.2 3.6 
3090 346 1892 884 623 522 868.6 868.6 0.0 


[CO2] to the nearest 14 X 1075 mole/g, with the assurance that the re- 
sults will be smooth if the computation has been correct. A(EF), E, 
and ¢ are also given in Table 3.5. By linear interpolation between 300 
and 3100°K, ¢ is found to vanish at To = 3090°K. The error in using 
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linear interpolation is about 14°K, which is smaller than the nominal 
uncertainty in our tables and a good deal smaller than the real error in 
the simple theory used here. 

Some points about Table 3.5 deserve mention. To begin with, it can 
be seen that A(EF) is not constant, though it varies much more slowly 
than E, the internal energy of the products. Furthermore, at all tem- 
peratures there are 4267 X 10~° moles of gas formed from a gram of the 
propellant, and the mean molecular weight is therefore 23.4. The values 
for conventional propellants cover the range from 20 to 25, the “hot” 
propellants giving the higher mean molecular weights. 

The ratio y of the effective specific heats at constant pressure and vol- 
ume can be calculated from Table 3.5. A mean value for gun calcula- 
tions would correspond, for this propellant, to the range 2000—3000°K. 
Between these temperatures the internal energy of the products changes 
by 342.97 cal/g, and the change in heat content is larger by 1000nR = 
84.79 cal/g. The effective y is therefore 1 + (84.79/342.97) = 1.247. 
Since the equilibrium constant Ko is a function of temperature, the value 
of y at any temperature is not a mean of the values of y for the separate 
gases. Thus the mean values of y (at constant composition) over the 
range 2000-3000°K are 1.244 for the 2000°K composition and 1.245 
for the 3000°K composition. 

In a gun emptying after the shot has left, the temperature falls by the 
adiabatic expansion. At a time when the temperature of the products 
of this propellant has fallen to 1000°K the composition would not be 
that listed in Table 3.5. For the latter gives the equilibrium composi- 
tion, which is attained only in a relatively long time at such low tem- 
peratures. The equilibrium constant of gases in a gun follows the tem- 
perature down until Ko is about 2, after which the equilibrium “freezes.” 
This must be remembered when calculating the properties of gases 
flowing out of a gun. In a bomb calorimeter, used to measure the 
“calorimetric value” (see § 3.4), the cooling gases “freeze’’ at about the 
same equilibrium constant. Fortunately, the heat evolved is almost 
independent of the exact point at which the equilibrium freezes. 

The proportion of hydrogen in the products changes substantially 
over the temperature range of Table 3.5. This causes a pronounced 
change in certain properties, notably the thermal conductivity. 

The explosion pressure, corrected for cooling, is, by equation 2, 


nRTo 
Pp =—— 
V 


The quantity nRT > is the “force constant” or “force” of the propellant. 
The dimensions are energy per unit mass, and for gun calculations it is 


(15) 
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convenient to use as the unit (ton/sq in.) X (cc/g). For propellant X 
the force is 70.99 in these units; hence, when it is fired at 0.2 g/cc the 
pressure expected is 14.2 tons/sq in. In many problems (nRT»)” enters 
as a characteristic velocity and is obtained in the unit (ft/sec) by multi- 
plication by 407.7. For example, for propellant X, (nRT )” is 3435 
ft/sec. 

It is conventional to absorb the n into R, giving the latter symbol to 
the gas constant per gram. This is possible since the gas constant per 
mole does not appear in classical interior ballistics. In this chapter we 
use R for the molar quantity; elsewhere we follow the ballistic con- 
vention, so that, for instance, the “force” is written as RTo. This ab- 
breviation is possible because n is all but constant during the variations 
of pressure and temperature in the gun. The water-gas equilibrium 
does not alter the total number of molecules in the gas, while minor 
products will be shown, in the next section, to cause only small vari- 
ations in the mean molecular weight. 

The velocity of sound in the uncooled products is (ynRTo)*, where 
y is taken at the temperature To. For propellant X the velocity of sound 
is 3824 ft/sec. 


3.22 Dissociation 


At high temperatures and low pressures small quantities of dissocia- 
tion products such as OH, H, and NO are formed, while the very hottest 
products contain traces of O2, O, N20, and N. The dissociation prod- 
ucts have only a small effect on the number of molecules present, but the 
energy absorbed in the dissociation makes a considerable difference to 
the energy balance which decides the equilibrium temperature. At 
higher pressures the effect is less, and it may be seen from the equations 
immediately following that at a given temperature the total amount of 
dissociation products is roughly proportional to P~”. 

The equilibrium constants governing the dissociation are simple and 
are listed in their normal order of importance: 


y % 
[H] = He) (= A K,(1) (16) 
y% 
[OH] = [H,0]({H)) (z s) K,(T) (17) 


V % 
[NO] = [H20]((No]) [He] (— =n) K3(T) (18) 
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m 
& % 

IN] = (Na (>) K) (19) 

be -1 
[0] = [H20]([Ħ2)) PA K;(T) (20) 
[O2] = eo 4 )x T 21 
2l = (H3 T 6(T) (21) 
where Kj, =- RK are functions of T alone and are given in Table 3.1. 


The dissociation products can be calculated, once we know the major 
products, and the number of gram-atoms of carbon, etc. available for 
-~ the major products is diminished by those going into the minor products. 
The process of computation, therefore, goes as follows. 

The minor products are guessed. It is simple and usually means little 
extra work if one starts with zero values. Then the number of gram- 
atoms of hydrogen, nitrogen, and oxygen available for the major prod- 
ucts are computed as, say, {H}’, {N}’, and {O}’. The major products 
are calculated from equations 8 through 12, where now {H}’ replaces 
{H}, and so on. The minor constituents follow by using equations 16 
through 21 and are compared with the original estimates. If they do 
not agree, the cycle is repeated until the results are consistent to 4% X 
10~° mole/g. The process converges rapidly for all propellants at gun 
pressures. At the lower pressures used in rockets, the dissociation is 
more intense, and, in the worst cases, the convergence becomes very 
slow; this indicates that our division into major and minor products is 
inappropriate, and the solution can be speeded up by rearranging the 
solution in an obvious way. 

The minor products increase rapidly with temperature, roughly 
doubling for a rise of 200°K. Below 2500°K there are only negligible 


TABLE 3.6 DISSOCIATION PRODUCTS FROM PROPELLANT X, AT 0.2 G/cc 


All Compositions in 1075 mole/g 


Pressure, 
T,°K [OH] [H] [NO] [Oo] {O] [N] tons/sq in. 
2500 0.3 1 0.02 1074 3 X 107 2 X 107% 11.5 
3000 3 6 0.3 8 x 10°? 0.02 0.05 13.8 
3500 13 19 2 0.1 0.2 0.3 16.1 
4000 41 48 7 1 2 2 18.6 


traces at pressures above 1 ton/sq in., and for many “cool” propellants 
it is not necessary to consider dissociation products. Table 3.6 shows 
the products at 0.2 g/cc for the propellant X previously used as an ex- 
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ample. The conditions at 3500 and 4000°K are, of course, attainable 
only by compressing the products and are included only to show how 
rapidly the dissociation increases with the temperature. 

The temperatures at which these reactions are important are so high 
that it is safe to assume that the dissociation does not “freeze” at the 
rates of cooling found in guns. 

Below about 2000°K there appear a set of minor products, which, to 
distinguish from the high-temperature dissociation products, we shall 
call the “combination products.” They are formed in gases cooling in 
an explosion calorimeter or in the gases from an emptying gun and are 
therefore not usually of much importance, nor do the circumstances 
suggest that chemical equilibrium is attained. However, the matter is 
sometimes raised in connection with ultracool fuels, and so we add the 
formulas for the only two such products of any real importance: 


[CO}*[H2]? /82.06T\? 
[CH4] = ar ( y ) K;(T) (22) 
82.067 


[NH3] = ([No])#((He])”* 


K3(T) (23) 


where the functions K7 and Kg are listed in Table 3.1. These products 
are formed from the major products by reactions in which the number of 
molecules decreases, and, consequently, the combination products are 
most pronounced at high pressures and, of course, low temperatures. 

The effect of the dissociation products on the explosion temperature 
and pressure is now to be considered. The energy of the products is 
calculated from Table 3.2, which covers all the gases likely to be en- 
countered. The energy of formation of all the products comes from 
Table 3.4; the energy of formation of the propellant is still the same as 
in the treatment without dissociation. The large negative energies of 
formation of the free radicals magnify their small mole ratios into sub- 
stantial effects on the explosion temperature. For example, the splitting 
of hydrogen molecules into atoms requires 104 kcal/mole. 

In Table 3.7 we show the energy balance for the products of propellant 
X, at 0.2 g/cc, allowing for dissociation. The uncooled explosion tem- 
perature is now 3072°K, instead of the 3090°K calculated without dis- 
sociation. The more accurate calculation makes the force 70.67 instead 
of 70.99 (tons/sq in.) X (cc/g). To and the force now depend on the 
density of the products, the deviation from the result without dissocia- 
tion being roughly proportional to V™. 
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TABLE 3.7 ENERGY BALANCE FOR THE PRODUCTS OF PROPELLANT X, 
AT 0.2 G/cc 


Minor Products Included, but No Pressure Corrections. Energies in cal/g 


T, °K E A(EF) t 

2500 662.6 871.0 —208.4 
3000 836.8 864.1 —27.3 
3100 872.2 861.8 10.4 
3072 862.4 862.4 0.0 


3.23 Experimental results 
If only the major products are included, 


PV = nkT (24) 


where n is independent of V and T. In particular, at the uncooled ex- 


plosion temperature To, 
PV = nRTo (25) 


where the right-hand side depends only on the nature of the propellant. 

When dissociation is included, n and To are altered by terms that are 
very roughly proportional to V, For the maximum uncooled pressure 
set up in an explosion at a density of loading of V~} g/cc, we have 


PV = a — BV* + 0(V) 
which can be written as 
PV = a — Ba"P~” + O(P7) (26) 


where a and 8 depend only on the composition of the propellant, and 
both are positive. 

If we plot PV against P, the simpler theory gives a horizontal straight 
line, while the effect of dissociation is to lower PV below this line by an 
amount roughly proportional to P~”. 

Experimental data show quite a different behavior. The graph of PV 
against P is nearly straight, but not horizontal. The curve can be 
represented very closely by 


PV =a+Pn (27) 


where 7 is positive and varies slowly with V. Since 7 is in effect defined 
by 
yas (28) 
' P 
the value of a is chosen to make 7 as constant as possible. Equation 27 
with constant 7 is the Noble-Abel equation of state, and n, whose di- 
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mensions are those of volume per unit mass, is called the ‘‘covolume”’ of 
the propellant. 

The effect of dissociation can be seen sometimes with “hot” propel- 
lants at pressures under 10 tons/sq in. The effect is not really large and 
can easily be obscured by the difficulty of estimating consistent cooling 
corrections over a wide range of pressures. 

The discrepancy between the present theory and the experimental re- 
sults is most marked at high pressures; which indicates that the effect is 
due to our assumption of the perfect-gas laws. The deviations of real 
gases from these laws alter the equilibrium constants and the internal 
energies of the products. These effects are taken into account in the 
next section. 

The observed covolume is about 1 cc/g and shows relatively little 
variation from one propellant to another. Those with hot products 
have small covolumes, though the whole range for present-day propel- 
lants is only 0.9-1.1 cc/g. 

There have been few serious attempts to find a better equation of 
state than the Noble-Abel equation. This with a constant covolume 
represents the observed behavior of the product gases more accurately 
than most assumptions made in the theory of gun ballistics, and the 
form of the equation is not mathematically inconvenient. It should be 
remembered, however, that the closed vessel can prove that 


P(V — n) = constant 


only at the explosion temperature, whereas, in the application to guns, 
it is assumed that 


P(V — n) = constant X T (29) 


where T is any temperature less than To; it is assumed that 7 is inde- 
pendent of temperature, without any supporting evidence. It can be 
shown by the theory of the next section that, in fact, the covolume alters 
by less than 1 per cent over the range 2000-3000°K, for a typical propel- 
lant with Tọ = 3000°K. It is found also that 


PV =nRT (1 + “) (30) 


is, at each temperature, a better representation of the theoretical equa- 


tion of state than 
P(V — n) = nRT = 8) 


If best values of 8 and n are used the errors in PV for a typical propellant 
are of order 0.7 and 2 per cent, respectively. 
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3.24 Theory of the covolume and other pressure corrections 


The specific heats and equilibrium constants tabulated in previous 
sections refer to zero pressure, and the explosion temperatures, pressures, 
and product compositions calculated from these tables are therefore in- 
correct. Of these quantities only the pressure can be measured ex- 
perimentally. The theoretical temperatures and compositions are in 
error by unknown amounts. 

The tables in the present section are intended to give real pressures of 
explosion, and this is confirmed by comparison with experimental re- 
sults. To put it another way, we may say that these tables enable co- 
volumes to be predicted. The tables also give true temperatures and 
compositions, both of which are difficult to test by experiment. At the 
same time this fact makes theoretical results all the more important in 
physical and chemical problems of interior ballistics, such as questions 
of erosion by heat transfer and chemical action. When this work was 
begun, there was a belief that the temperature of adiabatic explosion 
might decrease by 150°C under a pressure of 20 tons/sq in. It has now 
been found that the explosion temperature is in fact almost independent 
of pressure and within a few degrees of that calculated without pressure 
corrections. The temperature of burning under constant pressure is 
another important property of a propellant, with applications in the 
theory of rates of burning (chapter 2) and the interior ballistics of 
rockets. This temperature turns out to be strongly pressure-dependent 
(§ 3.32). 

The composition of the explosion products is rather different from that 
calculated by the simpler tables without pressure corrections. This has 
important effects on the heat conductivity and viscosity of the product 
gases, since these quantities are sensitive to the amount of hydrogen in 
the products. 

Work of a very similar nature has been carried out by Hirschfelder 
and his collaborators (published only as classified documents); the de- | 
tails are rather different, but the viewpoint is the same as our own. 

We begin by explaining the general idea. We have to find the internal 
energy and heat content of the gases that occur in guns and closed ves- 
sels, at pressures up to 40 tons/sq in. and at temperatures in the range 
1500 to 4000°K. The values at zero density are given in earlier sections. 
The pressure corrections can be derived from the equations of state of the 
products, by thermodynamic formulas. This use of the equation of state 
to obtain theoretical specific heats is now common in chemical engi- 
neering, but we have been able to find only one application at. the temper- 
ature encountered in interior ballistics. Burlot '' calculated the specific 


i Burlot, Mém. poudres, 25 (1932), 314. 
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heats of CO, and N; from an empirical equation of state, claimed to hold 
up to 100°C and 300 atm. This is too slender a basis for even qualitative 
results under ballistic conditions. The only other early work that bears 
on this subject is that of Crow and Grimshaw,” who attempted to derive 
molecular radii from dielectric constants. When suitably corrected, the 
results fitted the observed covolumes of nonflashless propellants. This 
has no more than an empirical significance, for, in fact, the ““covolume”’ 
may arise not only from the volume occupied by the molecules but also 
from the resulting change in the specific heat, which cannot be calculated 
from the rough equation of state used by Crow and Grimshaw. It is 
true that this change of the explosion temperature can be shown from 
the tables of the present section to be negligible; this result, however, 
could not have been deduced from any approximate equation of state. 

The calculation of heat and energy contents requires an accurate 
equation of state. Experimental results do not go beyond 700°K, and 
so there is a wide range to be covered by extrapolation before we reach 
the region, 1500-4000°K, of interest in ballistics. The extrapolation is, 
in fact, sufficiently wide to be unbridgeable in a purely empirical way. 
Fortunately, there is now a considerable body of theory to help. It is 
perhaps as well to emphasize that this theory has been verified by the 
equations of state of gases at normal temperatures, so that, in effect, the 
theory is being used as an extrapolation formula, which has the blessing 
of statistical mechanics. The work is straightforward, and the only 
doubtful point is whether our equations of state and specific heats are 
really sufficiently accurate to give a reasonably correct result at ballistic 
temperatures. Tests will be described later. Meanwhile, we may say 
that the basic data (the equations of state of the pure gases up to 600- 
700°K) and the theory are well established, and future modifications 
are likely to be small; also, there seems to be little hope of working back 
from experiments at ballistic temperatures. Accordingly, these tables 
are not likely to be much improved by new experimental data at low 
temperatures and not likely to be superseded by a more direct method. 

In a purely empirical extrapolation to ballistic temperatures, the only 
reason for confidence in the results would be the accuracy of fit to ex- 
periments at normal temperatures and possibly the successful prediction 
of covolumes. The essential new feature of a theoretical extrapolation 
is the reasonable nature of the intermolecular forces assumed. For ex- 
ample, we treat No, CO, and H3 as having fields of spherical symmetry, 
for this assumption is not only sufficient to account for their low-tem- 
perature equations of state but also reasonably consistent with what we 
know of their molecular structure. The same applies to H20, except 


12 Crow and Grimshaw, Phil. Trans. Roy. Soc. (London), 230A (1931), 39. 
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that here we have used a dipole field with a short-range repulsion of 
spherical symmetry; the equation of state of a gas of such molecules has 
been given by Stockmayer.% The other main product of propellant 
combustion is CO2, which presents the only real difficulty in our pro- 
gram. This molecule has the shape of a cigar, roughly, and it is not 
plausible to use a field of spherical symmetry, even though this gives a 
good fit to experiments at normal temperatures. We have therefore de- 
vised a molecular field of cigar or cylindrical shape, roughly speaking, 
and we have found the equation of state of a gas of such molecules. This 
equation we have fitted to observations on CO, up to 300°C, to find the 
parameters of the potential for this molecule. From this point the cal- 
culation of heat and energy contents at high temperatures has followed 
the same course as for the simpler molecules. 
The pressure of a mixture of real gases can be written as 


(32) 


In this series B, C, and the higher coefficients are functions of temper- 
ature and composition. It can be shown that the pressure of a pure gas 
can be represented by a convergent series of this form, up to the density 
at which the gas becomes a saturated vapor. At ballistic densities, 
which run up to about V~! = 0.35, only the coefficients B and C need 
be retained. This is fortunate, since B and C are the only coefficients 
whose theoretical expressions have been evaluated numerically. 

B has the dimensions of volume per unit mass, and, to be consistent 
with the definition of V, the units of B must be cubic centimeters per 
gram. B is obtained from the linear sum: 


B = [CO2|Boo, + [CO]Bco +--+: + [N2]By, (33) 


The coefficients B for the pure gases are given in Table 3.8. They are 
the “second virial coefficients” and are given in the units of cubic centi- 
meters per mole, customary in physical chemistry. How best to derive 
B for a mixture from the values of the second virial coefficients of its 
constituents is still not conclusively settled. In our case only the 
simplest method (equation 33) can be considered, because the alter- 
native methods lead to excessively complicated formulas for the internal 
energy and heat content of the mixture. In a typical case the two other 
well-known combination rules, the ‘‘square-root”’ and Lorentz methods, 
gave values of B that were, respectively, 8.5 and 5.5 per cent smaller 


13 Stockmayer, J. Chem. Phys., 9 (1941), 398. 
14 See Beattie and Stockmayer, Rept. Progress Phys. (1940), 195. 
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TABLE 3.8 CORRECTIONS TO PRESSURES 


Table of B, cc/mole Table of C, (ce/mcle)? 
Tempera- ee ARS NEDA OS SNS ha PN 
ture, °K He No, CO CO, H0 H: Na CO CO: H:O 
1600 16.4 32.1 45.7 —4.2 20 210 1385 220 
1700 16.3 32.3 47.3 -2.5 20 200 1305 210 
1800 16.2 32.4 48.7 -1.1 20 190 1235 195 
1900 16.1 32.6 49.9 +0.2 20 180 1170 185 
2000 16.0 32.6 50.9 1.2 15 170 1110 175 
2100 15.9 32.7 51.8 2.2 15 160 1055 170 
2200 15.8 32.7 52.6 3.0 15 155 1010 160 
2300 15.7 32.8 53.2 3.7 15 150 965 155 
2400 15.6 32.8 53.8 4.4 15 140 925 145 
2500 15.6 32.8 54.4 5.0 15 135 885 140 
2600 15.5 32.7 54.8 5.5 15 130 855 135 
2700 15.4 32.7 55.3 6.0 15 125 825 130 
2800 15.3 32.7 55.6 6.4 10 120 795 125 
2900 15.3 32.6 56.0 6.8 10 120 765 120 
3000 15.2 32.6 56.2 7.1 10 115 740 120 
3100 15.1 32.6 56.5 7.5 10 110 720 115 
3200 15.0 32.5 56.7 tl 10 105 695 110 
3300 15.0 32.4 56.9 8.0 10 105 675 105 
3400 14.9 32.4 57.1 8.3 10 100 650 105 
3500 14.8 32.3 57.3 8.5 -10 95 635 100 
3600 14.8 32.3 57.4 8.7 10 95 615 100 
3700 14.7 32.2 57.5 8.9 10 90 600 95 
3800 14.7 32.2 57.6 9.1 10 90 585 95 
3900 14.6 32.1 57.7 9.3 10 85 570 90 
4000 14.5 32.0 57.8 9.4 10 85 555 90 


Hydrogen. Intermolecular forces from de Boer and Michels, Physica, 5 (1938), 
945. 

Nitrogen. Force constants from Corner, Trans. Faraday Soc., 86 (1940), 780. 

Steam. Parameters from Hirschfelder, McClure and Weeks, J. Chem. Phys., 10 
(1942), 201. 

Carbon dioxide. Intermolecular potential by Corner, Proc. Roy. Soc. (London), 
192A (1948), 275. 


than the results of equation 33. These rules are usually more accurate 
than equation 33. A 5.5 per cent change in B corresponds to a 2 per 
cent change in the pressure, at 30 tons/sq in. The covolume from our 
tables, along with assumption (equation 33), turns out to be slightly too 
small, which suggests that an attempt to improve equation 33 may not 
improve the agreement with experiment. It is doubtful, too, whether 
the real accuracy of our individual values of B for the pure gases at high 
temperatures is great enough to justify a superstructure of complicated 
combination rules. 
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It may be noticed that in the linear sum (equation 33) we have omitted 
the minor products. The values of B for these gases are difficult to ob- 
tain (except in the case of hydrogen atoms). Their orders of magnitude 
can be guessed, however, and the error due to their omission can be 
estimated. The error is appreciable only for the hottest propellants at 
the lowest densities of loading. Calculation has shown that, for a propel- 
lant with a temperature of uncooled explosion over 3600°K, the inclusion 
of minor products increases the theoretical covolume by 2 per cent at a 
loading density of 0.1 g/cc, and by less than 1 per cent at 0.2 g/cc; these 
densities correspond to pressures of about 8 and 18 tons/sq in. Both 
pressures would be altered by 0.2 per cent by these covolume changes. 
The contribution of the minor products to the covolume is therefore 
negligible at gun pressures, even for the very hottest propellants. The 
direct effect on the pressure by increasing n is, of course, taken into ac- 
count. 

The values of B in Table 3.8 have been computed from the intermolec- 
ular forces, which were themselves derived from low-temperature ex- 
perimental values of B.5 The number of places retained in the table of 
B, and indeed in all the tables of the present section, is greater than the 
real accuracy of the quantities tabulated. The number of places was 
decided by the need for smoothness in the intermediate steps of compu- 
tations to be made with the tables. These are adequate to give quantities 
such as [CO] to 44 X 107° mole/g and explosion: temperatures to 1°K. 
Ragged differences in calculations of this accuracy indicate an error of 
computation. 

The coefficient C is obtained by a summation: 


C = [CO2]Cco, + [CO]Cco +: +++ [Ne]Cn, (34) 


The individual third virial coefficients C are listed in Table 3.8. They 
were calculated from the intermolecular forees derived from low-tem- 
perature values of B. Theoretical results for C as a function of these 
intermolecular forces have been given by de Boer and Michels ! and 
Mayer and Montroll.17 We have extrapolated to ballistic temperatures 
by power series, using the numerical results of Mayer and Montroll. 
C is of minor importance until pressures rise above 40 tons/sq in., and 
so the probably low real accuracy attained in its calculation is sufficient. 

It may be worth pointing out that the three-term power series in 
equation 32, 


1 For details of the work, see Corner, Proc. Phys. Soc. (London), 58 (1946), 737. 
16 de Boer and Michels, Physica, 6 (1939), 97. 
17 Mayer and Montroll, J. Chem. Phys., 9 (1941), 626. 
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ae fp EEn . (35) 


is considerably more accurate than the series, 


ad 1+ B'P + C'P? 36 
ami” (36) 


which is often used in chemical engineering. The latter equation has 
the form V = f(P, T), which is a virtue in that field. In ballistics the 
more convenient form is P = f(V, T), which is fortunately a property 
of the more accurate equation 35. 

Throughout our tables we have taken No and CO to have the same 
equation of state. This is known to be true to a few per cent in the 
second virial coefficient, as in most properties of these molecules. 

The virial coefficients B and C are functions of temperature. Inspec- 
tion of the tables shows that the values of B for Hz, No, and CO are 
nearly constant over the range 1600-4000°K. C is not so constant, but, 
in view of its limited importance, it would be possible to take a mean 
value for the C of each molecular species. Our tables show that By,o 
changes sign in passing from 1800 to 3600°K. The variation in Bgo, is 
also appreciable. We have retained the temperature dependence of B 
and C on the grounds that it does not increase the labor involved in 
using the tables, and it may have an effect on the trend of covolumes 
from “hot” to “cool” propellants. 

The ratio of the major products in the gases at any given density and 
temperature is determined by the equation, 


[CO][H20] _ 


[COJE] ~ en 


where K is the effective equilibrium constant for the water-gas reaction. 
If the gases were perfect, K would be Ko(T), the function of temperature 
listed in Table 3.1. Since, however, the equation of state is really equa- 
tion 32, it can be proved that 


nAB n®AC 
K = K,(T) exp (- T“ | (38) 
where 
AB = Boo + Bro — Bco, — Bu, (39) 
and 
AC = Coo + Cuno — Coo, — Cu, (40) 


18 Grimm and Wolf, Handbuch der Physik, 2d ed., 24, pt. 1 (1933), 977. 
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AB and WAC are given in Table 3.9. They are not zero; indeed, they 
have the same magnitude as the B and C of Ne. The effective equilib- 
rium constant is increased by this effect, by as much as 50 per cent at 


TABLE 3.9 CORRECTIONS TO EQUILIBRIUM CONSTANTS 


Temperature, , —AB, — ac, 
°K cc/mole (cc/mole)? 
1600 34.2 490 
1700 33.8 460 
1800 33.5 435 
1900 33.2 410 
2000 33.0 390 
2100 32.8 370 
2200 32.6 355 
2300 32.5 340 
2400 32.4 325 
2500 32.2 310 
2600 32.1 300 
2700 32.0 290 
2800 31.9 280 
2900 31.8 270 
3000 31.7 260 
3100 31.6 255 
3200 31.5 245 
3300 31.4 235 
3400 31.4 230 
3500 31.3 225 
3600 31.2 215 
3700 31.1 210 
3800 31.1 205 
3900 31.0 200 
4000 30.9 195 


pressures of order 30 tons/sq in. The composition of the products of 
explosion is therefore considerably different from that obtained from 
the simpler tables. Examples are discussed later. 

The amounts of minor products are determined by equilibrium con- 
stants, which can be corrected for gas imperfection in the same way. 
The guessing of B for molecules such as OH introduces some uncertainty, 
which is not important in view of the small amounts of these products. 
In fact, the correction could be omitted without introducing an error 
greater than 107% mole/g in the minor products, except at temperatures 
over 3000°K and pressures less than 10 tons/sq in. Taking rough values 
of the virial coefficients, chosen to be of the right order and to give con- 
venient numerical quantities, we find that the only equilibrium con- 
stants that need correction are those for OH and NO: 
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OH] = [H20] ( r ) K (T) (-=*) (41 
OFT = aap Nazar) “2? PA > 
- ons)" ( V E ( =) 

INO] = — Ha ser) Olr (42) 


which replace equations 17 and 18. 
We must now correct the internal energy and heat content. From the 
thermodynamic relations, 


ðE ðP 

—}] = T|{—}] -P 
ðV/r OT /y 
ðH ôV 
iaa ie EE SF Pt DER 
OP/ OT/p 


it can be shown that the internal energy E and heat content H of the 


products of 1 g of propellant are 
E = X[(CO2]Eco, (T, perfect gas) 


and 


nRT Sicor È B RT SICOJT Č Coo, + OV ~) 
V war oy BEY ap E 
and 
nRT d 
H = Z[CO;]Ho0;(T, perfect gas) + —~ [C0] ( Boo, — T= Boo, 
4 RT sico IG pe ) + O(V-) 
y2 2l | Coo: — 5 f pco 


where the summations are over all the types of product, with CO, as 
the typical one. We may write these results in the form, 


2 
n n 
E = 2[COs]Eco,,0 + 7 2[CO2]Eco1 + (>) Z[CO2]Eco,2 (43) 


n n\? 
H = 2[CO2]Hco,0 + y 2[CO2]Hco.1 + (=) Z[COe]Hco,2 (44) 


where Eco, and Hco,o denote the internal energy and heat content at 
zero density, computed in the usual way from tables of mean specific 
heats. The quantities Æ, for the various gases are given in Table 3.10. 
As we shall not need heat contents until § 3.32, we do not give Hy, at 
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this point. E and Hə vary by only a few per cent over our range of 
temperatures and have been given mean values. 


TABLE 3.10 CORRECTIONS TO INTERNAL ENERGIES 


E;/100, cal-cc/mole 


Temperature, a Se aS SS 
°K He Ne, CO CO: H0 
1600 45 —110 —870 —935 
1700 50 —95 — 840 — 895 
1800 55 —80 —810 —855 
1900 65 —70 —785 — 825 
2000 70 —55 —755 —795 
2100 75 ~—40 — 730 —770 
2200 80 —25 —700 —745 
2300 90 —15 —675 —725 
2400 95 0 — 645 —705 
2500 100 15 — 620 — 685 
2600 105 25 —595 — 665 
2700 110 40 — 565 — 650 
2800 120 55 — 540 — 635 
2900 125 65 —515 —620 
3000 130 80 —490 —605 
3100 135 95 — 465 — 590 
3200 140 105 —440 —580 
3300 145 120 —415 — 565 
3400 150 130 —390 —555 
3500 160 145 —365 — 540 
3600 165 155 —340 — 530 
3700 170 170 —315 —520 
3800 175 185 —290 —510 
3900 180 195 — 265 — 500 
4000 185 210 —240 —490 


At all temperatures in this range, use: 


He No, CO CO2 
10-*E 3 34 220 


H20 
35 
cal-(cc/mole)? 


The energy zero for closed-vessel calculations is the initial temperature 
of the propellant, which we are supposing to be 300°K, and zero density; 
that is, equations 43 and 44 give the energy and heat contents of the 
products at (V, T) relative to the same gases at 300°K and zero density. 

Reference to the tables of E; will show that the values for the dif- 
ferent gases include both signs, and, accordingly, the summation over 
all constituents tends to be small. Æ itself lies in the range 600-1000 
cal/g, and of this about —3 cal/g comes from the E, terms and about 
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1 cal/g from the E> terms (both these figures refer to pressures of 20 
tons/sq in.). In the calculations of interior ballistics H is of the order of 
600-1000 cal/g, while H, terms contribute about 40 cal/g, and the H» 
terms 4 cal/g at 20 tons/sq in. This demonstrates how small are the 
pressure corrections to the internal energy, compared with those to the 
heat content. As a corollary, the tables without pressure corrections 
give temperatures of uncooled explosion at constant volume correct to 
within a few degrees; on the other hand, the temperature of burning at 
constant pressure is really lower than that computed from the simple 
tables, to the extent of 150°C at 20 tons/sq in. 

Computation with these tables is a little longer than if pressure cor- 
rections are omitted, but the principles are the same. The explosion 
temperature Tọ at any given specific volume is the temperature which 
makes 

t= E — A(EF) =0 (45) 


The corresponding composition gives n, the number of moles of product 
per gram of propellant. To find the pressure and the covolume, the cor- 
rection factor to the ideal-gas laws, namely, 


1+ B M nC 
VV? 
is calculated for the two temperatures bracketing the explosion temper- 
ature, and its value at the latter is deduced by linear interpolation. The 
explosion pressure is 


P = 0.5384 F 1 + y + y tons/sq in. (46) 
The pressure, by the conventions of interior ballistics, is written as 
Ao 
P= (47) 
V—=n 


where Xo is the “force constant.” The ‘observed covolume” reported 
from experiments is calculated from the observed pressure and a force 
constant computed without pressure corrections at about 0.2 g/cc. 
The theoretical covolumes listed later (Table 3.11) are for the sake of 
consistency calculated with the same force constant. 

We should say something about the real accuracy of these tables and 
the nominal accuracy to be achieved in computations. The real accuracy 
refers to the difference between theoretical and experimental results for 
a sample of known composition. The fact that this will not usually be 
the same as the “nominal composition” of this variety of propellant is 
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important in practice but has no connection with the real accuracy of 
the thermochemical tables. This is decided by (a) errors in the theory 
used, and (b) errors in the data. Under a we must include: (1) neglect 
of virial coefficients above the third; errors of the order of 0.2 cal/g in 
¢, the energy balance, and 0.5 cal/g in u, at 20 tons/sq in.; u is the 
quantity analogous to ¢ in explosions at constant pressure; (2) neglect 
of energy changes in gelatinization; error usually about 2 cal/g; (3) 
neglect of gas imperfection at 300°K and 1 atm; errors of a fraction of a 
calorie per gram in the calculation of explosions under constant pressure; 
(4) treatment of the minor products as perfect gases; even for the 
hottest propellants the maximum error is rarely more than 0.2 cal/g in 
¢ and 1 cal/g in u. 

For comparison with these errors we may quote the pressure cor- 
rections in the tables of this section and §3.32. These amount to 
changes in ¢ of 2 cal/g, in u of the order of 50 cal/g (at 20 tons/sq in.). 
It requires changes of about 40 cal/g in ¢ or » to move the appropriate 
explosion temperatures by 100°K. 

Errors of type b occur in both the tables without pressure sortoon 
and in the present supplement. It is believed that the errors in the 
main tables may introduce errors of the order of 10 cal/g in ¢ and u. It 
is difficult to estimate the uncertainties in our tables of pressure cor- 
rections, since these errors arise from many points: the accuracy of the 
low-temperature observations, which are the basis of the tables; errors 
in the form of the intermolecular potentials; and errors in the curve 
fitting, which yields the parameters of the potential. We estimate the 
uncertainty to be 5 to 10 cal/g in ¢ and u. This is consistent with the 
differences between observed covolumes and those calculated from our 
tables. 

To sum up this discussion of the real accuracy, we may say that these 
tables of pressure corrections have reduced the real errors to the same 
order as those in the thermochemical data of the earlier tables. 

We shall now show the kind of result obtained by using the tables of 
pressure corrections. We take the same propellant X discussed in 
earlier sections. Table 3.11 shows the theoretical temperature, prod- 
ucts, pressure, and covolume at various product densities. Similar cal- 
culations without pressure corrections lead to considerable differences 
in the main products, which can be inferred also from the rapid variation 
of the main products, although the explosion temperature changes only 
slowly. The minor products are little affected, and the total number of 
moles of product is almost unaltered. So is To, which is moved only a 
few degrees by the pressure corrections. Consequently the ‘‘covolume”’ 
comes almost entirely from the factor 
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BG 
ET V i y2? 
in equation 46. This simple interpretation is true only because the pres- 
sure alters the energy of the products substantially but in both direc- 
tions, so that the effect on To is small. 
The most interesting result in Table 3.11 is the “theoretical covolume” 
n, computed from equation 47 with A» = 70.67. At pressures over 5 


TABLE 3.11 UNCOOLED EXPLOSION OF X aT CONSTANT VOLUME 


Product Density, 


g/cc 0.01 0.05 0.1 0.2 0.35 
To, °K 3024 3058 3068 3073 3073 
[CO2], in 1075 mole/g 346 336 325 302 267 
[CO] 1892 1902 1913 1936 1971 
[H20] 870 888 900 925 961 
[Ho] 617 610 600 577 542 
[No] 521 522 522 522 522 
[OH] 13 6 5 3 2 
[H] 27 13 9 7 5 
[NO] 1 1 4 4% w 
10°n 4287 4277 4274 4272 4271 
P, tons/sq in. 0.7061 3.723 7.878 17.471 35.161 
A(EF), cal/g 845 856 858 858 857 
Covolume, ce/g —0.1 1.02 1.03 0.96 0.85 


tons/sq in., n decreases with increase of density. The accepted figure 
for this propellant is 0.95 cc/g, determined by closed-vessel firings at 
27 tons/sq in. Our value at this pressure is 4 per cent too low. 

As the maximum pressure is reduced below 5 tons/sq in., the covolume 
begins to decrease again, until it becomes negative at pressures of the 
order of 1 ton/sq in. This behavior is due to the increasing dissociation 
causing low temperatures of explosion. This suggests also that a “hot” 
propellant will show the same effect at a higher density of loading, and 
computation has confirmed this expectation. 


TABLE 3.12 DEPENDENCE OF THEORETICAL COVOLUME ON àp, FOR PROPELLANT X 


Covolume (cc/g) at a Loading Density of 
do (tons/sq in.) X (cc/g) 0.01 0.05 0.1 0.2 0.35 g/cc 


70 0.9 1.20 1.11 0.99 0.87 
70.67 —0.1 1.02 1.03 0.96 0.85 


The covolume is not very sensitive to the AX» used (Table 3.12) ex- 
cept at small densities of loading, where the covolume exerts a trivial 
influence on the pressure. For ballistic purposes the best single covolume 
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(for any assigned dg) is that for the highest densities of the products, 
say, at 0.3 g/cc. The error.at lower pressures is small and varies slowly 
with Ao; it seems best, therefore, to retain the conventional Ap calculated 
without pressure corrections and to take the corresponding covolume at 
0.3 g/ce. 

Table 3.13 shows calculated and observed covolumes for a series of 
propellants, listed in order of their values of Tọ. Most of the experi- 
mental results refer to the neighborhood of 0.2 g/cc. From the results 


TABLE 3.13 Some THEORETICAL CovoLUuMES UsiNa STANDARD VALUES OF Xo 


Covolume, cc/g, at Observed 

To, at 0.3 g/cc do 0.1 0.2 0.3 g/cc Covolume 
2430 61.7 1.14 1.02 0.93 0.99 
2780 66.9 1.10 0.98 0.90 0.96 
2800 65.6 1.04 0.96 0.89 1.01 
3070 70.7 1.03 0.96 0.88 0.94 
3300 72.6 0.98 0.93 0.87 0.91 
3620 75.8 0.91 0.91 0.86 0.94 


for propellant X, it appears that our theoretical covolume at 0.2 g/cc is 
likely to be 1 or 2 per cent higher than the accepted single value of the 
covolume, and this is confirmed, in the main, by Table 3.13. Both 
theoretical and observed covolumes show a decrease in passing to ‘‘hot- 
ter” propellants. The experimental values do not show the same smooth 
progression as the theoretical results, which indicates the uncertainty 
in these observed values to be about 0.02 cc/g. 

It is useful to have a simple means of estimating the covolume, which 
can be done from the formula: 


n (ce/g) = 1.18 + 6.9 {C} — 11.5 {O} (48) 


This was obtained by noting that the covolume appears to be a func- 
tion of the calorimetric value of the propellant and, hence, of the heat of 
formation (at constant volume and 300°K) of the products at low tem- 
peratures (water liquid). This heat is, by Table 3.4, nearly independent 
of the equilibrium constant at which the reaction freezes, and is roughly 


e = 67.4 {O} — 40.7 {C} kcal/g 


The theoretical covolumes at a density of loading of 0.2 g/cc are repre- 
sented by n = 1.20 — 0.017e with rms deviation 0.01 cc/g. Reducing 
all these covolumes by 0.02 cc/g to improve agreement with experi- 
mental values, we arrive at equation 48 as a formula for the covolume 
in the neighborhood of 20 tons/sq in. 
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3.3 The equilibrium state after burning under constant 
pressure without cooling ) 

Until now we have considered only processes at constant volume. 
They can be realized in practice in the closed vessel. If we now think 
of reactions in a vessel with a valve to hold the pressure steady, we are 
led to study the thermodynamics of reaction at constant pressure. The 
most important application is to rockets, where the valve is a nozzle; 
here the pressure is effectively constant during the reaction of any 
sufficiently small part of the charge. Another application is to the thin 
reaction zone at the surface of burning propellant, for here also each 
element of reaction passes through the zone under an effectively con- 
stant pressure exerted by preceding elements. 

We discuss processes at constant pressure although their only applica- 
tion to the interior ballistics of guns is in connection with the theory of 
burning. The tables and the methods are so closely related to the process 
at constant volume that only a brief discussion is needed. 


3.31 Theory without pressure corrections 

For any assumed temperature of the product gases, their composition 
can be calculated, given (1) the equilibrium constants of Table 3.1, and 
(2) the atomic composition of the propellant. This has been tepian 
in §§ 3.21 and 3.22. 

The heat of formation of the propellant at constant pressure, 300°K, 
and 1 atmosphere is greater than the energy of formation at constant 
volume (Table 3.3) by the work done by the external pressure during 
the disappearance of 144[{H} + {0} + {N}] moles of nearly perfect gas. 
This work is 300R per mole, with R = 1.987 cal/deg. Hence the heat 
of formation at constant pressure is 


Energy of formation at constant volume + 
298[{H} + {N} + {O}] cal/g 


The heat of formation of the products can be calculated from Table 
3.4 by a similar process. To eliminate frequent recalculation, the rel- 
atively few values needed are given in Table 3.14. 

We can thus obtain A(HF), the difference in the heats of formation of 
propellant and products. For equilibrium this must be equal to the 
heat content of the products at the explosion temperature Tm. Since, 
for a perfect gas, fife FR 

p oe 


we obtain H, the heat content, at temperature T, as (a) the internal 
energy E, computed from Table 3.2, and (b) with 1.987(T — 300)n 
cal/g in addition. Writing 
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u = H — A(HF) (49) 


we have to find the temperature at which u vanishes. 

We run over the calculation in brief. We wish to find the equilibrium 
state at pressure P tons/sq in. We guess the temperature Tm, which is 
roughly 0.87'9, and n, which is roughly 4{N} + %4{H} + {C}. The 


TABLE 3.14 HEATS oF FORMATION AT CONSTANT PRESSURE 


At 300°K, 1 atm, from Graphite, Hydrogen Gas, Nitrogen Gas, and Oxygen Gas 


Heat of Formation, 


Substance keal/mole 
CO 26.39 
CO. 94.04 
H20 liquid 68.33 
HO gas 57.80 
CH, 17.87 
NH; 10.97 
NO —21.53 
OH —9.31 
N —85.55 
O —59.05 
H —52.09 


products at the assumed Tm are calculated as in § 3.22, it being noted 
that, in equations such as 16, 


y n 
82.067  152.42P 


The products lead to a better n, and the process is repeated until it is 
self-consistent. The heat content of the products is computed with the 
help of Table 3.2 and A(HF) from Tables 3.3 and 3.14. We thus find u. 

We repeat with other values of the temperature until Tm is bracketed. 
If the bracket is an interval of 100°K, linear interpolation is sufficient, 
the maximum error being about 144°K. 

Table 3.15 compares the equilibrium states for propellant X under 
constant-volume and constant-pressure conditions. The temperature 
under the latter conditions lies about 600°K lower than when the gases 


TABLE 3.15 EQUILIBRIUM STATE FOR PROPELLANT X, STARTING aT 300°K 


Molar Composition, 


Temperature, 1075 mole/g 
Conditions °K CO. CO H0O He No 
Constant volume, 0.2 g/cc 3072 347 1891 879 622 522 


Constant pressure, 20 tons/sq in. 2493 377 1861 853 654 522 
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do no work. This difference can be obtained, in order of magnitude, by 
a simple argument. Let y be the mean ratio of specific heats at tem- 
peratures between To and Tm. Then, 


H(Tm) = E(T'm) + nR(T — 300) 


nR 
= E(To) + pet (Tm — To) + nR(Tm — 300) 


R 
= A(EF) + — (Tm — To) + nR(Tm — 300) 
Y — 


Neglecting the difference between A(HF) and A(EF), we have 


H(Tm) = ACEF) 
and so, 
(y — 1)(To — 300) 


Y 


To — Tm = (50) 


Since for propellant X, y is about 1.25, To — Tm is about one fifth of 
To — 300. 


3.32 Pressure corrections 
From the thermodynamic relation, 


Com eD 


it can be shown that the heat content H of the products of one gram of 
propellant is 


RT d 
H = 2[CO2]Hco,(T, perfect gas) + — [CO] (Bco, — T T Beos) 


nRT i RE: 
—— —-T— C O(V—?) (52 
+ 2[COz] (Cov, a oP co.) + OV) (52) 


where the summations are over all the types of product. We write this 
as 


n 2 
H = 2{COalHcoyo + = 21COx}Hcoss + (=) S[COs]Hco,2 (53) 


and list H, and H3 for the various gases in Table 3.16. 


118 The Thermochemistry of Propellants 


There is little cancelation in the summation of H, values, and the ef- 
fect of pressure corrections is correspondingly large, compared with the 
effect in a closed vessel. The temperature falls with pressure, at the 


TABLE 3.16 Pressure CORRECTIONS TO HEAT CONTENTS 


Temperature, 1/100, cal-cc/mole 
* °K He No, Co CO, H20 
1600 565 910 585 — 1065 
1700 600 995 760 —975 
1800 635 1080 930 —895 
1900 670 1160 1100 — 820 
2000 705 1240 1265 —745 
2100 740 1325 1430 — 680 
2200 775 1405 1595 —615 
2300 805 1485 1760 —555 
2400 840 1560 1920 —495 
2500 875 1640 2080 —440 
2600 905 1720 2240 — 385 
2700 940 1795 2400 — 330 
2800 970 1870 2555 — 280 
2900 1005 1950 2710 — 230 
3000 1035 2025 2865 —180 
3100 1065 2100 3015 —135 
3200 1100 2170 3170 —85 
3300 1130 2245 3320 — 40 
3400 1160 2320 3470 +5 
3500 1190 2395 3620 50 
3600 1220 2465 3770 90 
3700 1250 2540 3920 135 
3800 1280 2610 4065 175 
3900 1310 2680 4210 220 
4000 1340 2750 4355 260 


At all temperatures in this range, use: 


He Ne, CO CO2 HO 
10-*H2 10 101 661 106 
cal-(cc/mole)* 


rate of about 714°K per ton/sq in., with very little difference between 
various propellants. 

Computation of the equilibrium state is not greatly lengthened by the 
inclusion of pressure corrections. Let the pressure be P tons/sq in. 
The first step is to estimate Tm from equation 50. The specific volume, 
V cc/g, of the products at P tons/sq in., is estimated, and a neighboring 
simple value of V— is chosen. Calculations of the products are made 
at two temperatures 100°K apart, bracketing Tm. The heat content H 
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of the products, relative to 300°K and zero density, is computed from 
equation 53. A(HF) comes from Tables 3.3 and 3.14, and then we cal- 


culate 
u = H — A(HF) 


for two different temperatures for each V; by linear interpolation we 
find the temperature at which u = 0. This gives Tm for the assumed 
product density V~! g/cc. The corresponding pressure P is found from 
equation 32. We have now found Tm at one pressure P, and the cal- 
culations must now be repeated at other values of V until the specified 
P can be reached by interpolation. Linear interpolation with respect to 
P gives compositions with errors of about 1075 mole/g. To find Tm 
by linear interpolation, it is most accurate to interpolate T,,~'. This 
gives Tm to about 1°. Of course, these interpolations are not necessary 
if our object is to find T as a function of P; they are necessary only if 
we are interested in one special value of P. 

In the previous calculations we have omitted the heat content of the 
products due to gas imperfections at 300°K and 1 atmosphere. The 
error is a fraction of a calorie per gram and is smaller than the uncer- 
tainties in the heats of formation of the propellant constituents and 
products, and also smaller than the neglected change in the energy when 
the ingredients gelatinize to form the colloidal propellant. 

The results for our typical propellant X are shown in Table 3.17 and 
Fig. 3.1. The temperature of the products has a maximum just below 
1 ton/sq in., decreasing at smaller pressures because of the increasing 


TABLE 3.17 Explosion OF X UNDER CONSTANT PRESSURE 


Pressure, tons/sq in. 0.577 3.00 6.255 13.56 26.46 
Product density, g/cc 0.01 0.05 0.1 0.2 0.35 
Ta CR 2482 2468 2440 2389 2309 
{CO.] in 1075 mole/g 376 368 358 336 302 
[CO] 1862 1870 1880 1902 1936 
[H20] 853 862 872 894 928 
[H2] 652 644 634 612 579 
[No] 522 522 522 522 522 
[OH] 1 Ye 1 0 0 
[H] 4 2 1 MY 1 
105n 4270 4268 4268 4267 4267 
A(HF), cal/g 843 844 844 842 839 


dissociation and at higher pressures because of the increasing heat con- 
tent of the imperfect gases. At 25 tons/sq in. the Tm is about 180°K 
lower than that calculated without pressure corrections. Above 1 ton/sq 
in., the main products and 1/Tm are nearly linear functions of pressure. 
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Fig. 3.1 Theoretical results for the explosion of propellant X under constant 
pressure conditions at 300°K, showing the effects caused by pressure corrections to 
the simple thermochemical tables. 


3.33 Specific impulse of a rocket fuel 


From the equilibrium state after reaction at constant pressure it is 
easy to calculate the energy released by an adiabatic expansion of a 
stream of gas. In particular, this gives the thrust on a nozzle, neglect- 
ing heat loss to the walls. 

The formulas are easily written down. Rocket-chamber pressures 
are rarely more than 1 ton/sq in., and it is permissible to neglect pres- 
sure corrections. Dissociation is reduced, compared with gun cal- 
culations on the same propellant, by the lower temperatures in the 
rocket, whereas the lower pressures have the opposite effect. On the 
whole, dissociation is of the same order as in gun calculations. 

Dissociation complicates the theory and introduces some uncertainty 
into the results. If it is assumed that the dissociation is at each stage 
at equilibrium with the temperature, the accurate calculation of the 
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entropy change in the expansion becomes extremely laborious, though 
it can be and has been done for sufficiently important fuels. In this 
section we give a short method, which is a good approximation even for 
the highest temperatures. 

Whether the reactions can preserve equilibrium conditions in a 
rapidly moving element of gas is difficult to say, the temperatures being 
rather far from laboratory conditions. This makes the physical basis 
of the preceding method a little uncertain. Computation from alter- 
native extreme assumptions have been made by Dr. Pike, who has con- 
cluded that the uncertainty in the final results is nevertheless quite 
small. The matter has been studied in some detail by Penner and 
Altman.” 

When dissociation is small and the expansion ratio of the nozzle is not 
too great, the formulas can be given an explicit form, in terms of Tm and 
a mean y. 

We begin with the most general case, in which gas at pressure P,, and 
temperature Tm is expanded adiabatically to final pressure P; and tem- 
perature Jy. The final pressure Ps is specified, and we have to find the 
thrust obtained from the fuel. This appears, as may be seen later, in 
the form of a momentum per unit mass of the fuel, the “‘specific im- 
pulse” of this fuel between pressures Pm and P;. The details of the 
nozzle influence the specific impulse only insofar as they alter the hy- 
drodynamic and heat losses, which occur in real nozzles but are neg- 
lected in the theory. The specific impulses of propellants between 100 
and 1 atm are of the order 200 lb wt X sec/lb mass, that is, about 6000 
ft/sec. 

We assume that the final pressure Py is equal to the external atmos- 
pheric pressure. If not, there is an extra contribution to the thrust, con- 
sisting of the product of the exit area of the nozzle and the excess of the 
gas pressure over the external pressure. We shall also omit pressure 
corrections, since the pressure rarely exceeds 1 ton/sq in. 

Let us suppose that we can calculate the final temperature Ty. Then 
the final velocity v of the gas is such that the kinetic energy gained in 
the expansion is equal to the change in the heat content of the gases: 


Yor” = H(Tm) — H(T;) (54) 


where H(T) is the heat content of the gas at temperature T, per gram. 
The heat content is obtained by calculating the composition at temper- 
ature T (§§ 3.21, 3.22) and then using Table 3.2 with 

19 Penner and Altman, J. Franklin Inst., 245 (1948), 421. Altman and Penner, 


J. Chem. Phys., 17 (1949), 56. Penner, J. Applied Phys., 20 (1949), 445. Penner, 
J. Am. Chem. Soc., 71 (1949), 788. 
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C,-C,=R (55) 


The specific impulse is v. Hence, the problem reduces to finding the 
final temperature Ty. 

If heat losses to the walls of the combustion chamber and nozzle are 
neglected, the expansion is adiabatic. The heat content of the gases at 
temperature T and mole numbers [COg], ete., is 


T 
C, dT + HF (COs) | 


300 


Z[COg] | 
where the summation is over all constituents and HF(CO2) is the heat 


of formation of a mole of CO; at 300°K and 1 atm from the standard 
substances. The heat absorbed in a change dT is 


T 
Lad[COzg] | f Cp dT + HF(CO:) | + 2[CO.]|C, dT 
300 
and the change in entropy is this expression divided by T 


sel d[CQg] if 


so that the change in entropy from the chamber temperature Tm to the 
temperature 7’; at the exit of the nozzle is 


dT 
CpdT + HF(CO» | + Z[CO2]C, F 


300 


d{COg] Ts dT 


Ts 
AS => : f a C dT + HF(COs) | — ao? T 


— D[COelm “oS - =f. acos f pi (56) 


This is exact. The total entropy change in the expansion from (Tm, Pm) 
to (T;, P;) is given by AS, together with the further term due to the 
expansion: 


Pm dP 
Í RÈZ[CO2] — 
Py P 


where R = 1.987 cal/mole-deg is the gas constant. 
Hence, the final temperature Ty is determined by 


Pm dP 
AS +f R2Z[CO2] — = 0 (57) 
Py P 


and this depends on how closely the composition of the products follows 
the equilibrium function of temperature. Equation 57 can be used in 
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its exact form but is wearisome to compute, nor is there usually any 
need to do so. In a process suggested by Dr. Devonshire, we approx- 
imate to AS by 


CO — [CO n Tı Ti 
AS = g e (HF 00) +f car — nf o=) 


00 


Ty € Tm 
+ 21CO21, | —2{COrmn “Cp (68) 
300 300 Žž T 
where Tı is a mean temperature at which most of the change in [CO3] 
takes place; Tı may have to be different for the various molecular species. 


Let us now consider the computation of equation 58. The function 


T 
C, dT /T is tabulated for each of the main constituents in Table 3.18. 

300 
Terms such as [CO2]m are known for the main constituents from the gas 


composition at the initial temperature, and [CO2], can be calculated on 
the basis of no dissociation and a water-gas equilibrium constant Ko of 2. 


T 
HF for the main products is given in Table 3.14 andj C,dT can 
300 
be computed from equation 55 and Table 3.2. For the T, corresponding 


to the main products we take a temperature some few hundred degrees 
below Tm. A glance at Table 3.1 will suggest a suitable value. Hence 
we can compute all those terms in equation 58 belonging to the major 
products CO2, CO, H2, H20, and No. 
For a minor product such as OH, [OH]; = 0, and the terms in equa- 
tion 58 reduce to 
[OH] m 
Tj 


which can be computed from Tables 3.2 and 3.14. The dissociation 
falls rapidly as the temperature goes down, and so T, should be taken 
at, say, 100°K below Tm. The exact value is not important. Hence we 
can calculate all the terms appearing in AS. 

We have now to compute 


Tı 
[HF(OH) +| C,aT) 
300 


R f "aco tE 
Py 5 P 


which is simplified by Z[CO;] being constant (= n) except at the very 
highest temperatures, where dissociation occurs; we can write, with very 


good accuracy, 
Pm dP Pk 
Rf [CO] — = nR In — 
Py P F f 


(59) 


T 
TABLE 3.18 Í of? (T') dT'/T' FOR THE Propuct GASES 


At Zero Density. Unit Is cal/mole-deg 


T CO2 H0 CO He Ne OH NO Oe 
800 10.403 8.321 7.039 6.846 6.987 6.953 7.209 7.333 
1000 13.230 10.455 8.776 8.452 8.699 8.566 8.992 165 
1200 15.647 12.312 10.245 9.784 10.148 9.915 10.494 10.697 
1400 17.757 13.970 11.518 10.939 11.406 11.101 11.789 12.027 
1500 18.719 14.742 12.097 11.470 11.979 11.644 12.377 12.631 
1600 19.628 15.48 12.642 11.974 12.519 12.157 12.931 13.196 
1700 20.487 16.18 13.158 12.454 13.031 12.644 13.455 13.731 
1800 21.302 16.86 13.648 12.910 13.517 13.107 13.951 14.240 
1900 22.079 17.51 14.114 13.343 13.980 13.547 14.421 14.724 
2000 22.821 18.13 14.558 13.758 14.421 13.970 14.868 15.185 
2100 23.531 18.74 14.981 14.158 14.841 14.377 15.295 15.625 
2200 24.213 19.33 15.386 14.544 15.243 14.770 15.704 16.047 
2300 24.867 19.89 15.775 14.916 15.629 15.147 16.097 16.453 
2400 25.495 20.43 16.149 15.275 15.999 15.511 16.476 16.845 
2500 26.100 20.96 16.508 15.622 16.356 15.862 16.841 17.224 
2600 26.684 21.47 16.854 15.958 16.700 16.200 17.191 17.590 
2700 27 .248 21.96 17.188 16.283 17 .032 16.527 17.527 17 .944 
2800 27.792 22.44 17.510 16.598 17.353 16.845 17.851 18.287 
2900 28.321 22.90 17.822 16.905 17.663 17.154 18.165 18.619 
3000 28.834 23.35 18.123 17 .202 17.963 17.455 18.470 18.942 
3100 29.331 23.79 18.414 17.491 18.254 17.747 18.766 19.256 
3200 29.813 24.22 18.697 17.772 18.536 18.030 19.054 19.562 
3300 30.281 24.64 18.972 18.046 18.810 18.306 19.333 19.860 
3400 30.737 25.04 19.239 18.313 19.076 18.574 19.603 20.150 
3500 31.181 25.44 19.499 18.573 19.335 18.834 19.865 20.431 
3600 31.614 25.83 19.751 18.827 19.587 19.088 20.120 20.704 
3700 32.036 26.21 19.997 19.074 19.832 19.336 20.368 20.969 
3800 32.448 26.58 237 19.316 20.071 19.579 20.610 21.232 
3900 2.850 26.93 20.471 19.553 20.304 19.816 20 21.488 
4000 33.242 27.28 20.699 19.785 20.532 20.048 21.074 21.738 
Source a b c d c ef fg h 


2 Kassel, J. Am. Chem. Soc. 56 (1934), 1838, with slight modifications by J. O. Hirschfelder. 

b Gordon, J. Chem. Phys., 2 (1934), 68, 549; E. B. Wilson, J. Chem. Phys., 4 (1936), 526; Stephenson and McMahon, ibid., 7 (1939), 614. 
c Johnston and Davis, J. Am. Chem. Soc., 56 (1934), 271. 

4 Davis and Johnston, ibid., 1045. 

e Johnston and Dawson, J. Am. Chem. Soc., 55 (1933), 2744. 

f Lewis and von Elbe, Combustion, Flames, and Explosions of Gases (1938). 

£ Johnston and Chapman, J. Am. Chem. Soc., 55 (1933), 153. 

h Johnston and Walker, ibid., 172; 57 (1935), 682. 

t J. O. Hirschfelder. f 

i Wagman, Kilpatrick, Taylor, Pitzer, and Rossini, J. Research Natl. Bur. Standards, 34 (1945), 143. 
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This gives the last of the data needed for the calculation of T;, which 
proceeds by computation of 


Pm 
AS + nR In — 

Py 
for trial values of T;, until a bracket 100°K wide is obtained. The value 
of Tọ; is then found by linear interpolation and the specific impulse cal- 
culated from equation 54. 

Combination products such as methane should be omitted from thrust 
computations even when they would be formed in the equilibrium state 
at the final temperature Ty; the expansion in a nozzle is too fast for 
equilibrium to be reached in such reactions. 

If the initial temperature Tm is not much above 2000°K, it is possible 
to neglect dissociation, and the water-gas equilibrium changes so little 
that we can neglect all changes in composition during the expansion. 
Thus the final temperature Ty is decided by 


Pm 
f 


Let the mean value of Cp over the range Tm to T; be yR/(y — 1); then 
equation 60 becomes 


Tm dT 
L[COg] f Cp — = nR In (60) 
Ty T 


Y Fin Fa 
ln — = In — 
y1 ig Py 


the ordinary adiabatic for a nonreacting gas. The specific impulse is 


ny RT m Tr\]% [2nyRT P,\O&- DAY 1% 
ore eee iy 
youl jem y— 1 Pan 


This shows that to get a high specific impulse at a given upper temper- 
ature Tm, the molecular weight (1/n) of the products should be low. 
There is also an optimum y for each pressure ratio P,,/P;; for example, 
if the pressure drops in the nozzle by a factor of 30, the optimum y is in 
the neighborhood of 1.1. 

So far we have assumed that a nozzle can be designed to give expansion 
from pressure Pm to pressure P;. The dimensions of the nozzle are not 
needed for the calculation of the thrust. The pressure as a function of 
cross section in a nozzle is discussed in § 7.2, on the assumption of a 
slowly varying specific heat. 


3.4 Thermal behavior of the propellant gases in a gun 

The gases in a gun have a temperature that starts at To, since the shot 
is at first not abstracting energy from the gas. With increase of shot 
velocity the temperature soon begins to fall steadily and is down to 
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0.67'9-0.7T'p at the moment the projectile emerges. This means a high 
rate of cooling; for example, in a gun of 3 in. caliber and a muzzle ve- 
locity of 3000 ft/sec, the rate of cooling is about 150°K/msee, and in 
small arms the rate may be six times as great. Nevertheless, the tem- 
peratures are so high that, for all but the coolest propellants, and pos- 
sibly in certain small arms, the composition of the gases shows a negli- 
gible lag behind the equilibrium state. Thermal properties can there- 
fore be calculated as in the preceding sections. 

An important point is the value of y in the gun. The quantity that 
appears in the conventional equations of a gun is actually nR/(y — 1), 
which is equal to C,, the specific heat (at constant volume) per gram of 
gas, only when the gases are perfect. For real gases C, is not equal to 
nR/(y — 1) with y = C,/C,. Now it is C, that ought to be used in 
ballistics, whereas nR/(y — 1) is always used in its place. This practice 
can be tolerated if y is defined by 


nR 
y— l1 


With this definition, y is not equal to C,/C,, except in the case of perfect 
gases. Since Cp does not occur in the equations of interior ballistics, 
this point is in practice not a source of confusion. 

To find this “gun y,” then, we compute a mean C, over the range To 
to 0.77 and use equation 62. We have 


Ta E(To) — E(0.7To) 
a 0.3T9 


where E(T) is the internal energy, at temperature T, of the products 
existing at temperature T. These products and the corresponding en- 
ergies are easily calculated by the methods explained in §§ 3.2 to 3.24. 
Pressure corrections for the 5 main products tend to cancel, summing to 
a small net amount, which is, in this connection, hardly worth the extra 
computation. In general, therefore, it is sufficient to calculate C, by 
omitting all pressure corrections. This has already been done in § 3.22 
for propellant X. 

For propellants of high energy content y is around 1.22, changing to 
1.28 for very “cool”? flashless propellants. Where a mean has to be 
taken over all types, y = 1.25 is a convenient value. 

Ballistically the propellant has only six characteristics: nRTe, the 
“force constant”; nR/(y — 1), the specific heat per gram at constant 
volume at temperatures near To; n, the covolume, and ô, the density of 
the solid propellant; two more parameters suffice to describe the burn- 
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ing law of the propellant. The force constant and the covolume decide 
the pressure obtained in a closed vessel and its variation with loading 
density; the specific heat settles the rate at which the temperature falls 
in the gun; the density of the solid is important chiefly because it de- 
cides how much propellant can be loaded into a gun. 

The specific heat may be replaced by the more easily visualized quan- 
tity that is obtained by multiplication by To, and this “potential,” 
nRTo/(y — 1), has the physical significance that it is roughly propor- 
tional to the useful energy obtained from unit mass of the propellant 
_ in a given gun. 

For routine inspection during propellant manufacture it is desirable 
to use some characteristic that is more easily measured. For this pur- 
pose the ‘‘calorimetric value” is suitable. It is obtained by measuring 
the heat evolved when propellant is burned in a bomb calorimeter in an 
inert atmosphere. The temperatures are near 300°K. Corrections are 
applied for the imperfection of the product gases in their final state, for 
water present as vapor, and for the formation of methane during the 
cooling. The first correction arises chiefly from the carbon dioxide, 
whose state is not far removed from the critical point. The water-gas 
equilibrium ‘‘freezes’” at an equilibrium constant around 2. We shall 
now show that the variations observed in this final equilibrium make 
very little difference to the calorimetric value. 

Let the number of moles of CO3 per gram of propellant be [CO2]. The 
other products are 


[CO] = {C} — [COg] 
[H20] = {0} — {C} — [CO3] 
[H2] = 3{H} — {0} + {C} + [CO,] 
[Ne] = 2{N} 
The energies of formation of these gases at constant volume have been 
given in Table 3.4. The total is 
67.4 {O} — 40.7 {C} — 0.1[CO.] kcals (water liquid) 


which depends very little on the actual value of [CO2]. The heat meas- 
ured by the calorimeter is the difference between this energy of formation 
and the energy of formation of the propellant and is therefore itself 
nearly independent of the point at which the water-gas equilibrium 
freezes. 

This calorimetric value is for water present as liquid in the products, 
and is usually distinguished by the addition (WL). With water present 
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as steam the calorimetric value (WV) is about 10 per cent less. This 
particular calorimetric value is rather more dependent on the final value 
of [CO.], since the heats of formation do not so nearly cancel. The 
calorimetric value (WL) is therefore some 10 per cent less than E(To), 
which itself may be written as nR(T>) — 300)/(yı — 1), where yı is a 
mean over the range 300°K to To. The relation of the potential to the 
calorimetric value (WL) is finally 


Potential ~ 9-970 & — N 
Calorimetric value (WL) To — 300 


y— i 


which varies between about 1.05 for “hot” to 1.15 for “cool” propellants. 
This is a useful rough relation. High calorimetric values are correlated 
with high values of the potential, though propellants of very different 
composition and small differences of potential may show a reversal of 
this order when considered with respect to calorimetric value. 

Certain cool propellants with calorimetric value less than 700 cal/g 
do not obey this relation between potential and calorimetric value. The 
latter is up to 20 per cent bigger than that expected from the calculated 
potential, which itself is confirmed by trials in guns. The explanation is 
the deposition of soot from the gases when cooled in the bomb calorim- 
eter. This does not occur in the gun, though it may help to explain the 
dense smoke from such propellants. Under the relatively slow cooling 
down to room temperature in the calorimeter, there is time for carbon 
to be deposited in amounts comparable with the equilibrium value. This 
can be calculated easily. 

The equilibrium condition is that graphite is deposited if 

[cor V 


[COs] > T Ko (63) 


where Kg is a function of temperature alone, given in Table 3.1. The 
energy of formation of the products increases by 3.4 kcal/g of carbon 
deposited, and this is enough to raise the calorimetric value by as much 
as 100 cal/g in some compositions. A numerical example is given at the 
end of this chapter. 

The deposition of soot in a bomb calorimeter can be avoided by mixing 
the cool propellant with a larger amount of some normal propellant. 
The calorimetric value of the cool propellant can then be found by 
proportion, and compared with the potential deduced from gun firings. 
The familiar relation is confirmed. 

Another way to verify this explanation of the anomalous calorimetric 
value is to fire mixtures of the cool propellant with a hot propellant and 
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plot the heat evolved (per gram) against the mixture ratio. The rela- 
tion is linear, for small amounts of the cool propellant, and deviates to- 
ward higher values as soon as soot begins to appear. 


EXAMPLES 


1. Calculate the temperature of uncooled explosion without performance of work, 
for a propellant consisting of 99 per cent nitrocellulose (13% N) and 1 per cent 
diphenylamine, at a loading density of 0.2 g/cc, without pressure corrections. 

2. Repeat with pressure corrections. 

3. Calculate the temperature of burning at constant pressure for the same pro- 
_ pellant, at a pressure of the order of 20 tons/sq in. 

4. At what temperature would soot begin to be formed from the products of a 
propellant with composition 62 per cent nitrocellulose (12% N), 28 per cent di- 
ethylene glycol dinitrate, and 10 per cent carbamite, at a loading density of 0.1 g/cc? 
If the equilibrium amount were formed at 300°K, what would be the effect on the 
calorimetric value? 

5. The second virial coefficient of methane has been estimated to be about 30 
cc/mole at temperatures of the order of 1500°K. Find an approximate correction 
to the methane equilibrium (equation 22), for pressure effects. 

6. Calculate (third virial coefficient) /(second virial coefficient)” for the Noble-Abel 
equation, and compare with the values for the separate gases, found from Table 3.8. 
Hence, show that equation 30 can be expected to be a better representation of the 
theoretical equation of state at ballistic temperatures than equation 31. 

7. The fuel ratio of the V2 rocket was roughly 1 part by weight of liquid oxygen: 
0.6 part ethyl alcohol: 0.2 part water. Calculate the temperature attained in reac- 
tion under a pressure of 20 atm and the specific impulse in an expansion to 1 atm. 
The heats of formation of liquid oxygen and ethyl alcohol may be taken as 2.9 and 
66.3 kcal/mole, respectively. 


Simple 


CHAPTER FOUR 
7 Ballistic Methods 


4.1 Introduction 


There are numerous ways of treating the interior ballistics of orthodox 
guns [see Cranz, vol. 2 (1926)], and these ways may be divided into two 
extreme types with many intermediate gradations. As one extreme we 
have the type that attempts to be “exact” and is usually called a 
“theory.” The other extreme has the virtue of utility rather than phys- 
ical plausibility, and few of this type are ever referred to as “theories.” 
Both types are valuable in their own fields. In this book the two 
classes are represented by the methods of this chapter and the next. 
The basis of the simple methods is the use of all the known firings to 
build up a semiempirical system. The methods used are rapid, and, 
when assisted by various empirical rules, they give useful results for 
charge estimations and prediction of performance of weapons of familiar 
types. 

The more exact theories attempt to include all the main phenomena, 
up to a certain order of magnitude, and to use fewer parameters de- 
termined from firing data. This leads to more complicated methods of 
working, and as a rule these theories are not suitable for routine ballistic 
calculations. Their most useful applications are to weapons of unusual 
form, for which firing data are not available, and to the study of various 
design parameters, which are not easily measured by experiment. These 
are fields in which the differential analyzer has been found useful. 

The method we describe in this chapter belongs to the more ele- 
mentary of the two classes just sketched. The two main difficulties of 
interior-ballistics theory are, first, the representation of the resistance to 
motion, especially that arising during the engraving, and, second, the 
Résal term, corresponding to the kinetic energy of the projectile, in the 
equation of energy. The method to be described avoids the first diffi- 
culty by using an “effective” rate of burning. The second point is taken 
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into account by using a constant gas temperature somewhat smaller 
than the temperature attained when the gases are generated without the 
performance of external work. 

There are other approximations in this method. Their importance is, 
however, secondary to those previously listed. In considering the main 
approximations, it is possible to take a purely empirical viewpoint; it 
can be said that experience has shown how the ratio of effective to 
measured web depends on the charge conditions in various guns, so that 
the practiced ballistician can predict maximum pressures to within a few 
per cent. Furthermore, the errors in calculated and observed muzzle 
velocity have been found to be independent of some of the ballistic vari- 
ables and to be predictable from past experience. Thus a ballistic 
“scheme” can be evolved, with the backing of an approximate ballistic 
solution and anchored to experience by the analysis of a mass of past 
firings. Such a scheme (“RD 38”) is, in fact, the basis of charge esti- 
mation in British practice, and it has proved to be both rapid and re- 
liable for normal guns. In the present book we cannot give the rules 
that have been evolved for the various correction factors that are re- 
sponsible for the agreement with experiment.! We can give only the 
bare bones, in the form of the approximate mathematical solution. Al- 
though this in itself is not sufficient to account for the detailed ballistics 
of guns, it does make clear certain important parameters, which appear 
in the more refined but more elaborate ballistic theories. 

In short, this simple ballistic theory gives a clear introduction to the 
properties of ballistic solutions, provided attention is drawn to those 
features that demand corrections. Taking such residual factors from 
the mass of practical experience at the disposal of a ballistic computing 
section, we arrive at a scheme that gives accurate results for pressure 
and muzzle velocity. 

Before leaving this use of a ballistic scheme as a device for interpolating 
between the results of past firings, there are certain points that ought 
to be mentioned. In the first place, it is essential that the basic calcula- 
tion should be short, for the time involved plays a part not only in the 
prediction of a new solution but also in the analysis of the allied data 
from which, eventually, any prediction must start. Speed is one of the 
outstanding virtues of the method described here. 

Other rapid solutions on other lines have been developed, and some 
of these are mentioned in chapter 5. There is no reason to think that 
graphical solutions offer any substantial saving of time over the “RD 38” 
scheme. Indeed, the multiplicity of grain shapes found in most services 
would demand a correspondingly large number of graphs, whereas they 


t A comment made to the writer was “Britain can fake it.” 
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are all covered by single, simple formulas in the analytical method 
favored here. 

One point that has caused some discussion is how to adapt this method 
to use rates of burning from closed-vessel tests. The “RD 38” scheme 
uses a rate of burning (of a given propellant) chosen to fit observations 
in a number of guns. The closed vessel need not be used; in fact, the 
rate of burning derived from closed-vessel experiments gives but in- 
different results when applied to the gun. This is less of an incon- 
venience to the working ballistician than might be thought, provided, of 
course, that he has good facilities for obtaining special gun firings. The 
closed vessel is then redundant (for this particular purpose), though if 
its results could be adapted to the simple ballistic method they would 
provide a valuable check. Their chief use would be in deciding whether 
abnormal firing results were arising from the propellant or from the gun 
and projectile. We shall show in chapter 9, however, that the effective 
rate of burning in the gun is liable to be greater than that in the closed 
vessel, by an amount of the order of 10 per cent. This shows that the 
failure of CV rates in this simple ballistic scheme is no condemnation of 
the latter. As proof of this explanation of the failure of CV rates, we 
may mention that, the cooler the propellant gases, the worse the CV 
rates. This is just what would be expected from the theory of chapter 9. 


4.2 The “isothermal’’ solution 


4.21 Notation 


Let the volume of the gun, between the breech and the base of the 
shot in its starting position, be U. In this space is the charge, of weight 
C; the ratio C/U is the “density of loading.” We write the shot weight 
as W, the bore area as A, and the caliber as d. Let the travel, velocity, 
and breech pressure at time t be x, V, and P, respectively. 

Let the fraction of the charge burnt up to this time be ¢. The initial 
web size being D, the remaining web is written as fD. The connection 
between ¢ and f has been discussed in chapter 2 and is expressed here by 
a quadratic form function: 


me LS fh Fe) (1) 


where 6, the form factor, is unity for cord propellants and close to zero 
for tubular, ribbon, and chopped multitubular shapes. Taking the di- 
ametral rate of burning to be BP, we have 


TA 


= — 2 
EF BP (2) 
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The rate of recession (along the normal) of a single propellant surface is 
therefore 446P. 

The way in which £, D, and 0 are chosen in practice is explained in 
§ 4.32. The simple theory given here takes a rather unsophisticated 
view of the process of burning, and D and @ have to be chosen, therefore, 
to allow for the erosion by the gas streaming along perforations and by 
the general flow out of the chamber. Furthermore, the present theory 
neglects resistance to motion of the shot. Initial resistance has an im- 
portant effect on peak pressure, which has to be counterfeited in practice 
by a suitable variation of 6 with the ballistic details. Actually 8 has 
been found empirically to be expressible as 


Function of propellant composition X function of maximum pressure 


for given gun and driving band. The variation of 8 with propellant 
shape and composition and with the details of the interior ballistics is 
therefore much more special and certainly more convenient than might 
have been expected. This is the basis of the use of this treatment as a 
practical ballistic method. About these points more will be said in 
§ 4.32; here we shall work in terms of f, 8, D, and 9, as if they really had 
the simple definitions that we have used. 

Other properties of the propellant, which have been introduced in 
earlier chapters, are the force constant RTo, the density ô, and the co- 
volume 7. 


4.22 Equations of motion 


We have already assumed that the propellant stays in the chamber, 
burning under the breech pressure P. We assume that the temperature 
of the gases during burning can be replaced by a mean value, correspond- 
ing to an effective mean force constant A. This is a fair approximation, 
since the continuing conversion of thermal energy of the gas to kinetic 
energy of the shot is largely compensated by the generation of energy by 
the reaction of more propellant. 

The space available to the gas behind the shot at time ¢ is 


ti 
and the equation of state is therefore 
t= 

Pi (U + Az — C——* — Con) = 208 (3) 


where P, is the mean pressure through the volume behind the shot. 
There is a pressure gradient from breech to shot base, this drop of pres- 
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sure supplying the force needed to accelerate the gas in the gun. This 
subject of “Lagrange corrections” ? is discussed in chapter 9. Here we 
shall simply quote the conventional results, which, though not accurate, 
are generally accepted and are at least as good as our other approxima- 
tions. The space-mean pressure P; at the instant considered is 


P, = ———— (4) 


where P is the pressure at the breech, and the pressure on the base of the 
shot is P/[1 + (C/2W;,)], where W, is an effective mass of the shot, dis- 
cussed later. 

We simplify equation 3 by taking n = 1/6. Since 7 is about 1 cc/g, 
whereas 1/6 is about 0.6 cc/g, the error in this approximation may be 
considerable at high densities of loading. The effect of n being greater 
than 1/6 is that the peak pressure is higher than would be expected; this 
can be simulated by an increase of 8 or of A. It is shown in the next chap- 
ter that the effect can be represented by adding to à a term proportional 
to the peak pressure P,,. A change in A from one firing to another is in- 
convenient; therefore A is increased by a constant amount, and the 
variation with Pm then appears as part of the variation of 8 with peak 
pressure. It follows that, having once neglected initial resistance and 
thereby forced 8 to vary with the ballistics, it causes little further in- 
convenience to assume that 7 = 1/5. This assumption is frequently 
made in the simpler ballistic theories and is usually referred to as “‘neg- 
lect of covolume.”’ Some ballisticians take a mean of 7 and 1/6, say 0.9 
cc/g (Gossot and Liouville) or 0.78 ec/g (Charbonnier and Sugot); this 
tends to reduce the difference between ‘‘observed” and closed-vessel 
rates of burning, without removing the trend of 8 with the maximum 
pressure. The same remark applies to the use of the closed vessel ņ as 
the appropriate value of n = 1/6; this has been done by Langweiler.’ 

The idea of using a mean of n and 1/6 is actually most valuable when 
their difference is to be taken into account. For, if we expand the solu- 
tion in powers of n — n’, where 7’ is some mean of n and 1/6, the series is 
much more rapidly convergent than if the solution were expanded in 
powers of n — (1/6). A series solution in 7 — 7’ is in fact the way in 
which Sugot ‘ takes n — (1/6) into account, and is one of the chief reasons 
for using 7’ in the tabulated solutions of Charbonnier-Sugot. 

2? First studied by Lagrange, J. école polytech. (Paris), 21 (1832), 13. 


3 Langweiler, Z. ges. Schiess- u. Sprengstoffw., 33 (1938), 273, 305, 338. 
4Sugot, Mém. artillerie franç., 5 (1926), 1131. 
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Equation 3 now simplifies to 


wear 2) 
p(u+A -) = : i By 
GS) | 
3W, 
We write 
c 
U--=E=Al (6) 


E is the initial free space behind the shot. The length J is a more con- 
venient measure. Hence, equation 5 becomes 


dV AP 

w— = — (8) 
d l 
2W, 


neglecting resistances to motion, the recoil of the gun, and the rotational 
inertia of the shot. To include these we replace equation 8 by 


yaY AP n 
"A C 
ow 


where W, is the effective shot weight. If the twist of the rifling is 1 turn 
in n calibers and the radius of gyration of the shot, about the longitudinal 
axis, is k, then the kinetic energy of the shot at velocity V is 


1 wy? E 4 (7) ] 
2 nd 


The thrust of the driving edges of the lands rotates the projectile, and 
the component along the axis of the bore reduces the force available 
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for acceleration of the shot. The shot weight has to be increased in the 


ratio, 
TAT (= (10) 
m= —— 
nd 


giving 
WwW, = mW (11) 


if equation 9 is to be used. For proof shot or solid steel armor-piercing 
shot, k/d = 44, and for HE shell k/d œ= 3g. In guns the twist n is usu- 
ally of the order of 30, making m & 1.005. This is hardly worth bother- 
ing about. Long shell need a more rapid spin for stability just outside 
the muzzle, and howitzers also have steeper twists than n = 30. The 
dependence of m on n? makes the effect increase rapidly as n decreases. 
For n = 15, for example, m is about 1.02 for proof shot. The lowest 
values of n used in practice are around 10. 

The driving band exerts a normal pressure on the bore as well as the 
pressure on the lands, which rotates the shot. Both these forces give rise 
to frictional resistances, which oppose the motion of the shot along the 
bore. The resistance associated with the normal pressure is much the 
bigger, and it is pedantic to pay any attention to the friction correspond- 
ing to the rotational thrust. In the present treatment we make no men- 
tion of bore friction, though, if desired, a resistance proportional to the 
gas pressure can be included by simply increasing the effective mass of 
the projectile. Such a form for the resistance gives a rough allowance 
for the energy lost against friction but fails to represent the relatively 
high resistance in the very earliest stages and is probably never a good 
approximation to the true resistance. 

Let Mo be the mass of the recoiling parts. While the shot is in the 
gun, the recoil is effectively free. It is easy to show that to allow for the 
motion of the gun one should (i) reduce the effective shot weight to 


W, = mW (1 — =) (12) 


and (2) take the velocity of the shot, relative to the ground, to be 
(1 — W/Mo) X the calculated velocity relative to the gun. 

These results are correct only to terms of the order of W/Mp. This is 
rarely more than 2 per cent, so that higher-order terms are in fact not 
needed. When empirical corrections of the order of 2 per cent have to 
be made to the calculated velocities because of imperfections in the 
theory, it is possible to omit this correction for recoil of the gun. 
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The effective shot weight W, is therefore a quantity whose calcula- 
tion depends greatly on the nature of the problem: for example, whether 
one is considering only one gun or comparing several types at once. 

The fundamental equations are thus 


@ = (1 —f)(1 + af) “j 
po = Sep (2) 
C 

AC ¢ K sic) 
P(t +D) = ae TER (7) 

(1 = A 

dV 

(m: -+ — zo) Z 7 = AP (9) 


with the initial conditions x = V = Oat f = 1. 
Eliminating P from equations 2 and 9 and integrating, we get 


sie = (13) 
B(W, + $C) 
If we use equation 13 in equation 9 and eliminate P by using equation 7, 
dx zt+l 
— = -M (14) 
df 1 + of 


where 


42D? C ) 
A*D (1+; + 3, 
M = — ev (15) 
B WiC (1 + =r) 

` is an energy per unit mass, the square of a velocity; AD/8W, is a ve- 
locity; M is therefore dimensionless, as it should be to be consistent with 
equation 14. M is the “central ballistic parameter” of this method. 
M, or an equivalent, can be identified in nearly all the ballistic theories 
that lead to explicit solutions.’ M can be thought of as a dimensionless 
parameter showing the importance of the shot motion in reducing the 
pressure from the value that would be attained in a closed vessel. 


ë For example, in Langweiler’s method (§ 4.5) there appears a fundamental param- 
eter D, which is proportional to the inverse of our M. 
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Integrating equation 14, with 0 = 0, 


1+06\*" 
z+ ( 2) (16) 
whereas, if 6 = 0, 
etl = let (16A) 


The pressure P can now be obtained from equations 7 and 16, as 


xe (1 + =) (l—f)( + 4) 


2W 1 + ef\*” 
0 <0: P= (17) 
zm (1 i C ) 1+0 
38W: 
se(14<£.) 
i 2Wı -M1 -/) 
6 = 0: P= =o oy (1 — f)e (17A) 
PRET 
(er 
This completes the determination of x, V, and P as functions of the 
parameter f. 


Values at “all burnt.” Suffix B will be used to denote quantities at 
the instant at which the propellant is just burnt, f = 0. 


Vg = 2 ke (18) 
an B(W, + $C) 
tp +1 = (1 + 6)¥/8 (6 = 0) (19) 
= eM (6 = 0) (19A) 
AC (1 4 £ ) 
Pg = —— (0 = 0) (20) 
E (1 + a) (1 + 0M! 
3 
AC (1 + ) 
Sa E A em (@ = 0) (20A) 


(+57) 
3W, 
Values at “maximum pressure.” Quantities here will be denoted by 
suffix m. Differentiating equation 17 or 17A gives 
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gece 21 
™ M+% 21) 
for all 0. Also 
= (L+0M +0) 
ETI r 
M + 26\/6 
mti (E) (0 = 0) (23) 
= le (@=0) (23A) 


and F 
AC ( -+ —_ (1 + 6)?(M nz gy i 
Pm = = a (90) (24) 
Ell oes Ti, 26 2+(M /6) 
(1+ an) (M + 20) 


AC ¢ T : ) 
2W, 
= — e (@=0) (24A) 
E (1 -+ ) eM 

3W, 
It is impossible to reach in the gun the mathematical solution with f 
negative. These results have, therefore, a physical significance only if 

fm is positive, that is, if 


M>1-0 (25) 


Otherwise, the maximum pressure attained is that at “burnt,” and the 
pressure-time curve has a sharp peak instead of a flat summit. 

Equation 24 for the maximum pressure can be simplified while pre- 
serving the standard of accuracy of this model. To three-figure ac- 
curacy, 


ro(1 sot ) (1 + 6)? 
QW, 
2o = = (26) 
E (1 ale Bie Jem + 46) 
3W 


This is exact for ð = 0. 


4.23 Solution after ‘“‘burnt’’ 
Let 
at+l 


(27 
E (27) 


r = 
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At any travel z greater than rg, the pressure is 
P = Pgr Y (28) 


In later methods we shall abandon the assumption that » = 1/8. The 
only difference from the formulas of this section will be that l is replaced 
by V = (U — nC)/A. This more accurate version could be used in this 
section too but is rarely worth the bother. The velocity is given by 


2A 2A Pg(zg + 1) 
V8 Va? = sf Pip = gt 29 
Pee moD. Ae 
7 ACh (30) 
Wi +4e 
where 
2 


For an infinitely long gun, ¢ = 2/(y — 1), which is of the order of eight. 
Since y — 1 is only a small fraction, in practical guns ® is considerably 
less than 2/(y — 1). Also 


( AD ) ACM 
B(Wi + 40) W,+3¢ 
Thus the velocity at any travel after “burnt” is given by 
y? = AC(M + &) 
Wi + 3C 


The calculation of y from the thermochemical properties of the pro- 
pellant gases has been explained in chapter 3. It is now customary to 
increase y above the thermochemical value, to allow for the heat loss to 
the walls of the bore. This practice is of long standing in gas-engine 
theory, and Cranz® and others have suggested its use in ballistics. 
R. H. Kent and Dr. J. P. Vinti have shown that the modification is sim- 
ple if it is assumed that the heat loss up to any epoch is proportional to 
the kinetic energy of the shot at that instant. Recent theoretical calcula- 
tions of the heat transfer (chapter 10) have shown that this assumption 
is sufficiently accurate to justify its use in ballistic calculations, es- 
pecially since it leads to simple formulas. If the heat loss is 4% xW,V?, 
then wherever the energy of the shot appears in any equation giving the 
energy of the gases, the shot energy should be multiplied by 1 + x. 
The effect on equation 29 is that (y — 1) has to be multiplied by 1 + x. 


¢ Cranz, Ballistik, vol. II (Berlin, 1926), p. 226. 


Vz? = 


(32) 
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Wherever the modification needs to be made (as, for example, in equation 
4 of the next chapter), it can be done by using an “effective y,” namely, 
7, given by 

F-Le =H ex) - (33) 


x is biggest for small calibers and high muzzle velocities and rarely 
exceeds 0.3. y is greatest for cool propellants, the practical range being 
1.22 to 1.28. Hence ¥ may vary from 1.22 to 1.36. For large calibers 
and “hot” propellants a convenient figure is 1.25; for the majority of 
firings in guns of medium caliber 7 can be taken as 1.3. The exact value 
is not of great importance in this method but can be calculated from 
§ 10.41. 


4.24 Summary of the working formulas 


IfM>1—-48, 
(1+ Ja + 6)? 
2W 


F D (34) 


C 
Eil MT + 40 
(14+) + 46) 


Otherwise, the maximum pressure is 


E 
2W1ı 


Pg = =a (0 ~ 0) (35) 
E (1 + Z) (1 + ole 
3W, 
o(1+2) 
2W 
= —— (@ = 0) (35A) 
E (1 -+ =) eM 
3W, 
The position of ‘‘all burnt” is given by 
zg += (1 + 0)” (@ = 0) (36) 
= le (@ = 0) (36A) 
If the muzzle is at travel z and 
l 
eget (37) 
TR + l 
and 
= (1 oy (38) 
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then the muzzle velocity is derived from 

_ AC(M +8) 
Wi + 4C 

The central ballistic parameter M is related to the rate of burning by 


: C 
am (1+2) 
3W, 
M = ——————— (40) 


BWO (+ c ) 
2W 


4.25 The efficiencies of gun and charge 


Two “efficiencies” are in general use as expressions of the over-all be- 
havior of a given gun-charge-projectile combination. The first is the 
“‘piezometric efficiency,” which is connected with the flatness of the 
pressure-space curve. This “efficiency” is the ratio of the mean pressure 
to the peak breech pressure; the mean pressure is that which, applied 
to the shot base for the total shot travel, would give the observed muzzle 
velocity. The name “piezometric efficiency” was apparently introduced 
by Zaroodny, but the ratio itself has long been in use under the more 
cumbersome name of the ratio of mean to maximum pressures. The 
piezometric efficiency is chiefly of importance in the design of the barrel. 
A higher piezometric efficiency means a shorter and lighter barrel, 
though, if the factor of safety is uniform along the barrel, the saving of 
weight is not really great. Whether the complete piece will be lighter 
depends on whether the higher piezometric efficiency has been attained 
by an increase of chamber volume. If so, the walls of the chamber must 
weigh more; if the chamber length has been held constant, as often oc- 
curs in sketching alternative designs of gun, then the breech is bigger 
and heavier. Thus a higher piezometric efficiency is no guarantee of a 
lighter piece. In an example studied by the writer, in which the chamber 
volume was varied and the peak pressure, velocity, and regularity 7 held 
constant, the smallest piece weight occurred at a piezometric efficiency 
lower than the maximum attainable. This difference was particularly 
marked at high pressures. 

A high piezometric efficiency implies a muzzle pressure high relative 
to the peak pressure, which usually means greater gun blast. A posi- 
tion of “burnt” well toward the muzzle gives a higher piezometric 


y? 


(39) 


? For this calculation it was assumed that the regularity of the charge was a 
function chiefly of the expansion ratio from “burnt” to “muzzle,” and it was this 
ratio that was held constant. 
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efficiency at the expense of inferior regularity. A charge that gives a 
peak pressure at “burnt” causes a lower efficiency because of the sharp 
peak on the pressure-space curve. Thus the successive charges in a 
howitzer give progressively higher and higher piezometric efficiencies as 
we proceed from small to large charges. 

Piezometric efficiencies are usually of the order of 50 per cent. Low 
charges of howitzers and all charges where extreme regularity is im- 
portant show lower values, of roughly 40 per cent. Muzzle-loading in- 
fantry mortars usually have efficiencies of up to 40 per cent. When high 
performance is more valuable than regularity of muzzle velocity, the 
efficiency of a gun can be put up to about 60 per cent by a combination 
of large chamber, tube or multitube charges, and “burnt” well toward 
the muzzle. This is the practice followed with antitank guns. 

The highest piezometric efficiency of which we know is 75 per cent. 
This was obtained, as it happens, with a recoilless gun (see chapter 7), 
but it can be shown that this has an efficiency that cannot exceed that 
of an orthodox gun of the same dimensions by more than a few per cent, 
and that only when “burnt” is almost at the muzzle. There would be 
no difficulty in building an orthodox gun of the same efficiency.’ This 
particular gun had, in fact, an unusually large chamber, amounting to 
40 per cent of the total internal volume. Chambers are normally not 
larger than 20 per cent. 

It can be shown from the theory of this chapter that piezometric effi- 
ciencies of almost 90 per cent are possible with big chambers, even if 
“burnt” is required to lie in the gun or at the muzzle. This assumes 
that the projectile starts at zero pressure. If initial resistance to motion 
is assumed, the limit changes somewhat. Although the exact upper 
limit to the piezometric efficiency depends on details of the particular 
ballistic method used, one and all agree that 85 per cent can be attained. 

A second “efficiency,” which is much used, refers to the utilization of 
the energy in the charge. Assuming an initial temperature of 300°K, 
the energy given out by the products of 1 g of propellant, in cooling to 
room temperature, is 


i E E 
see L A 
300 ý 300 Y(T) — 1 


Writing simply y for the value of C,/Cy at ballistic temperatures, in 
the range 0.67’) to To, we see that this energy is closely related to 
RTo/(y — 1), the “potential” of the propellant. Actually it may be seen 
from the energy equation of interior ballistics (§ 5.1) that RTo/(y — 1) 


8 A piezometric efficiency of 83 per cent has been quoted in German documents 
about certain trials with the 7.5-cm Pak 40. 
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is really the proper measure of the energy obtainable from 1 g of propel- 
lant in a normal gun. RTo is proportional to the mean RT used in this 
chapter and denoted by A. We define the “ballistic efficiency,” therefore, 
as the ratio of the translational energy of the emerging shot to the energy 
of the propellant, that is, 
; ; (y — 1)Wy? 
Ballistic efficiency = —————_—— (41) 
2AC 

This is, in practice, roughly one third. If it were to approach unity, it 
would be necessary to introduce the temperature dependence of y and 
the relation between A and RT, in order to prevent apparent efficiencies 
of more than 100 per cent. As things are, it is sufficient to use equation 
41 for comparative purposes. When more refined theories are used, A A 
does not appear in the equations, and RT should be used in its place in 
the definition of ballistic efficiency. This makes but little change in the 
calculated efficiencies, since \ is very close to RTo (see § 5.25). 

The propellant gases generated earliest in the travel of the projectile 
give the longest expansion stroke and so give up more of their energy 
than those generated later. A high ballistic efficiency is obtained by 
burning the charge as early as possible in the shot travel. This is just 
the condition for a low piezometric efficiency. | 

By increasing the ratio of the total volume to the chamber volume 
(the ‘‘expansion ratio” of the gun), more work is obtained from the gas 
expansion; the ballistic efficiency goes up and the piezometric efficiency 
goes down. All these points will be illustrated by examples later in this 
chapter. l 

The highest possible ballistic efficiency obtainable from a given weight 
of propellant of a specified type in a given gun occurs when the web size 
is so small that the charge is completely burnt before the shot moves ap- 
preciably. In this case M = 0, and the ballistic efficiency is 


(—r'-)W 


7 (42) 
(1 + x) (m: F =) 
where 
R AABN PAET 2 (43) 


We have used the true covolume 7 instead of the approximation 1/6, 
since in this particular case no inconvenience is caused. The travel to the 
muzzle has been written as rg. The form 42 separates the various fac- 
tors that influence the maximum ballistic efficiency: W/W, is slightly 
less than unity, because of the energy lost in resistance to motion 
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down the bore and also the energy needed to rotate the shot; (1 + x) 
shows the loss of efficiency because of heat transfer to the walls of the 
gun; [1 + (C/3W;)]~! corresponds to the energy appearing as kinetic 
energy of the propellant gases. Finally (1 — r'~%) arises from the in- 
complete expansion of the gases. We may take 7 = 1.3 as a typical 
value; Table 4.1 shows the variation of 1 — r'~* with r. 


TaBLE 4.1 Maximum BALLISTIC EFFICIENCY FOR EXPANSION Ratio fr 


j= p03 


0.281 
0.383 
0.442 
0.483 


ono win 


4.3 Comparison with experiment 


4.31 Some typical ballistic solutions 


We shall now discuss the observed ballistics of some typical guns, in 
the light of the approximate solution given in earlier sections of this 
chapter. The data from which we start are (1) the observed muzzle 
velocity, and (2) the pressure-time curve obtained from a piezo gage in 
the chamber. Although for gun design the pressure-space curve is more 
important than the pressure-time relation, the former cannot be ob- 
tained from the latter alone; the transfer from one to the other requires 
a space-time relation, which cannot be found from the pressure-time 
record without assumptions about bore resistance and the initial re- 
sistance to motion. There are ways of finding an experimental space- 
time curve, but these are devices of a research rather than of a routine 
nature. 

The solutions of the earlier part of this chapter give the pressure P as 
a function of f up to “burnt,” and thereafter P as a function of travel. 
To produce a P(t) curve up to “burnt,” it is best to start from equation 

t= —— | — (44) 
BY P(f) 
Since P(f) has to be computed in any case, i(f) is obtained by only one 
additional numerical integration. After “burnt,” P and V are com- 
puted as functions of the travel x, and ¢ comes from a numerical integra- 
tion of Ag 
t = SAA 
y 
Near the start of the motion f is little less than unity, and P behaves 
like 1 — f; the integral on the right of equation 44 diverges logarith- 
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mically. The origin of time is therefore best taken at “burnt,” where 
f=0. 

In examples of this chapter the term [1 + (C/2W,)]/[1 + C/3W,)j, 
arising in equation 7 as a correction from mean to breech pressure, 
has been approximated by 1 + (C/6W,). The error arising is roughly 
1 part in 1000 in the rate of burning, 1 in 100 in the travel at “burnt,” 
and a few feet per second in the muzzle velocity. 


4.311 A typical AA gun 


The example considered here is a 3.7-in. AA gun typical of those in 
use in most countries at the beginning of World War II. In general, a 
heavy AA gun has to have a high muzzle energy relative to its total 
volume. The errors at the target due to variations of velocity from 
round to round are usually swamped by errors of prediction, largely 
arising from evasive action by the target; no great stress need be laid on 
regularity of ballistics. Antiaircraft mountings are stiff and relatively 
heavy, and the weight of the barrel and chamber does not play much 
part in choosing the best ballistic solution. On the other hand, a short 
barrel is desirable because, for a given weight, the moment of inertia 
about the trunnions is reduced, and this makes easier the following of a 
high-speed target. When automatic loading is used, a small chamber 
and charge are particularly desirable. 

The gun considered here’ has a bore area of 11.1 sq in., a shot travel of 
160 in., and a chamber volume of 373 cu in. when the shot is seated. 
The expansion ratio is therefore about 5.7, a normal value for a gun of 
this type. In the round for which the pressure-time curve is given in 
Fig. 4.1, the charge was 8 lb 5 oz of a flashless propellant with covolume 
1.0 ce/g, density 1.64 g/cc, RT) = 61.7 (tons/sq in.) X (ce/g), and 
y = 1.28. We assume that up to shot ejection the heat loss to the walls 
is about 20 per cent of the energy of the shot; hence, we take, in round 
figures, Y = 1.34. The density of loading is 0.62 g/cc. The quantity l, 
introduced in the theory, is 21.0 in. in this instance; the total travel is 
therefore about 7.61. 

The propellant used for this round was prepared in a shape of nearly 
constant burning area, for which the “geometrical” @ is 0.15; this is the 
value that would be obtained if all the surfaces burned at the same rate 
and were ignited simultaneously. The web size D was 0.058 in. The 
only other details that need be given are that the shot weight was 28 lb, 
which is normal for the caliber d of 3.7 in. (W/d® = 0.55). The rifling 
twist is of the order of one turn in 30 calibers, and therefore we may write 
for the modified shot mass W, = 28 lb. The pressure-gradient effects 
are determined by the ratio C/W, which is 0.3 here. 

The present-time curve is given in Fig. 4.1. The peak pressure is 
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21.4 tons/sq in. and the muzzle velocity 2701 ft/sec. The gun was in its 
first quarter of life. In most respects this is a typical ballistic solution 
for a nearly new heavy AA gun. 

The mass of the recoiling parts is 4100 Ib, almost 150 times the shot 
mass. The omission of the correction for recoil of the piece (§ 4.22) 
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Fra. 4.1 Observed and calculated pressure-time curves for the heavy AA gun. 

The theoretical curve is the isothermal solution with @ = 0, with constants chosen 

to give the observed peak pressure and muzzle velocity, and the zero of time chosen to 
make shot ejection occur at the observed moment. 


raises the calculated velocities by about 10 ft/sec. We shall be discussing 
much larger deviations, and the recoil effect can be neglected. 

Table 4.2 shows some solutions, all of which give the correct max- 
imum pressure, and some of which have also the right MV. To compare 


TABLE 4.2 Some IsoTHERMAL SOLUTIONS GIVING THE CORRECT MAXIMUM PRES- 
SURE IN THE 3.7-IN. AA GUN 


, MV 
6 (in./sec)/ pee zp til, 
8 A/RT M (ton/sq in.) Cale. Error in. 
0 1 1.101 0.824 2819 118 63.2 
0.9056 0.997 0.910 2701 0 57.0 
0.9 0.991 0.916 2694 -7 56.7 
0.15 1 1.235 0.778 2850 149 66.5 
0.9 1.089 0.874 2724 23 58.1 
0.8817 1.064 0.893 2701 0 56.7 
0.6 0.8314 1.460 0.785 2701 0 66.0 
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pressure-time curves, we begin with the solution for 6 = 0, and with M 
and A/RTo chosen to produce the correct MV and peak pressure. The 
pressure-time curve of this solution is in Fig. 4.1. The zero of time in the 
theoretical curve has been chosen to give shot ejection at the observed 
time. The theoretical curve is obviously much too peaky—in this solu- 
tion the central ballistic parameter M is less than 1 — 6, so that the 


Breech pressure, tons/sq in. 


Time, msec 


Fig. 4.2 Observed and calculated pressure-time curves for the heavy AA gun. 
I is the isothermal solution with 0 = 0.15, Wı = 28 lb, and correct peak pressure, 
muzzle velocity, and instant of shot ejection; II is the result with W, = 32 lb. 


maximum pressure occurs at “burnt.” Some improvement would be 
obtained by using a larger 0. With 0 = 0.15, and A/RTọ and M chosen 
to reproduce Pm and MV, the pressure-time solution is that shown as I 
on Fig. 4.2. The shape of the observed peak is obviously more closely 
followed by this theoretical curve, though the agreement is still very 
imperfect. 

A further increase of 0 past the “geometrical” value of 0.15 leads to an 
improvement in the pressure-time curve. To secure really good agree- 
ment with the shape of the observed pressure-time curve one must go 
up to 6 = 0.6, for which the pressure-time relation is shown in Fig. 
4.3. The time scales are still out of joint: the theoretical peak pressure 
occurs about 0.6 msec too early. 
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In view of the extremely simple theory it is not possible to deduce from 
this empirical @ much information on the burning rates on various sur- 
faces of the propellant grain. Part of this increase of @ above the geo- 
metrical value is due to the neglect of covolume effects and the iso- 
thermal assumption; it is shown in the next chapter that an increase in 
the effective @ by about 0.15 is to be expected in this example. Part of 
the remaining change in @ may be attributed to neglect of resistance to 


Breech pressure, tons/sq in. 
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Fig. 4.3 Observed and calculated pressure-time curves for the heavy AA gun. 
The theoretical curve is the isothermal solution with 8 = 0.6 and correct muzzle 
velocity, peak pressure, and instant of shot ejection. 


motion down the bore and to our conventional correction for pressure 
gradient; both these are known from experiment to be in error at cer- 
tain stages of the motion. By altering the shape of the pressure-time 
curve these effects alter the 8 obtained by our empirical fitting. The fact 
that not all the propellant grains have the same web size is equivalent 
to an increase in @, as may be most easily seen from the fact that both 
effects tend to smooth out the discontinuity of slope at “burnt.” On 
the other hand, the general flow of gas out of the chamber past the burn- 
ing propellant increases its rate of burning; this is most marked late in the 
burning, since the gas velocities are then highest; the effect is therefore 
usually equivalent to a decrease in 6, by as much as 0.2 in certain ex- 
amples. Furthermore, since the rate of burning of this propellant is 
indicated by closed-vessel tests to be proportional to P®-® rather than 
P, this causes a lower rate late in the burning, that is, 0 to be used in this 
theory must be increased. 
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To sum up, if geometrical values of @ are used in ballistic analysis, 
then, in this example A/RTo ought to be about 0.88 to give the right 
velocity. The shape of the pressure-time relation is reproduced only 
poorly. By going to A/RT> = 0.83 and 0 about 0.6, the shape of the 
pressure-time curve is much improved and the correct velocity main- 
tained, but this set of parameters makes peak pressure occur too early. 
With the isothermal theory it is impossible to get Pm, MV, and the 
pressure-time curve correct for any plausible set of parameters \/RT7o, 
0, W,; the theory finds its best use in teaching and in the correlation of 
data on velocity and maximum pressure. 

In the next chapter it will be shown that (1) our neglect of the changes 
in gas temperature during burning and (2) the assumption that n = 1/6 
can be compensated, as far as the peak pressure is concerned, by using 
A/RTo = 1, when the peak pressure is in the neighborhood of 20 tons/sq 
in. We note that the velocity is then too high, by nearly 6 per cent for 
6 = 0.15. To reduce this error to zero requires @ near —0.5, which gives 
a sharply peaked pressure-time curve quite unlike that observed. Thus 
it is better, if the pressure-time curve is to be considered, to use \/RTp 
in the neighborhood of 0.85, say, and increase 0 by about 0.4 above its 
geometrical value. The errors in the velocity and in the shape of the 
pressure-time curve will be small. These remarks apply to a propellant 
shape of roughly constant burning surface. It is true that the value of 
8 which gives the correct maximum pressure will differ somewhat from 
that needed in a more adequate theory, but this is not an inconvenience 
in practice. 

It is instructive to compare the values of 8, deduced from the max- 
- imum pressure, with those obtained for the same propellant in a closed 
vessel. The latter value is 6 = 0.64 (in./sec)/(ton/sq in.). The sets 
of (@, \/RTo) leading to correct maximum pressure and approximately 
correct velocity have 8 about 40 per cent greater than the closed-vessel 
result; this difference is least for the solution with 6 = 0.6, where the gap 
is only 23 per cent. Much of this difference is due to the initial resistance 
to the engraving of the band, completely omitted from this simple theory. 
This resistance reduces the acceleration of the projectile at a time when 
the pressure is beginning to build up rapidly, and, by reducing the free 
space to be filled by gas at this critical time, the resistance has a marked 
effect on the peak pressure. This can be simulated by an increase in £, 
which produces the same effect on the maximum pressure and therefore 
much the same effect on the velocity. It is worth pointing out here that 
a resistance near the start of motion increases the peak pressure, and 
this usually increases the kinetic energy of the shot by more than the 
energy lost against the resistance; thus initial resistance normally in- 
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creases the energy obtained from a given charge of a specified web size.’ 
If, on the other hand, the web size is altered at the same time to preserve 
constant maximum pressure from a given weight of charge, then initial 
resistance tends to reduce velocity (in a gun with this density of loading), 
though the effect is small. A resistance occurring near the muzzle has 
no effect on peak pressure and merely reduces the velocity. A resistance 
varying with travel mixes the effects of initial resistance and muzzle re- 
sistance in proportions depending on the law of variation of resistance 
and on the ballistics—in particular, on the travel at which the peak 
pressure occurs. For this particular gun and charge, a constant resist- 
ance to motion raises the pressure and lowers the velocity. 

A resistance proportional to the pressure is equivalent to an increase 
in shot weight. Figure 4.2 shows the effect of using W, = 32 lb with 
the “geometric” 6 of 0.15. To reproduce the observed velocity and peak 
pressure, A/RTo has to be taken as 1.015, which in the next chapter is 
shown to be reasonable in view of our isothermal model and our neglect 
of covolume terms. The rate of burning needed is only 14 per cent above 
the closed-vessel rate. The pressure-time curve (II of Fig. 4.2) is closer 
to experiment than that for the same geometric 6 but W, equal to the 
shot weight. This makes it possible to get agreement with experiment 
for a value of @ not so far removed from the geometric value as the 0.6 
previously used. 

The difference between “gun” and ‘“‘closed-vessel” rates of burning is 
not entirely due to neglect of resistance in our theory. Some effect must 
be expected from ‘“‘erosion”’ of the propellant by the gas flowing over it 
and up the bore. In this gun the shot velocity at “burnt” is already 
1700 ft/sec, at a travel of about 15 calibers, so that the gas velocities are 
fairly high. The propellant is a relatively cool type, which means, as 
pointed out in chapter 2, that the “erosion” effect is relatively severe. 
An increase of 8 by 10 per cent over the closed-vessel value is quite 
plausible in this example. 

The piezoelectric gage provides pressure-time curves, and it is with 
these that we have dealt up to now. From the gun-design side, it is 
more important to have a pressure-space curve. In Fig. 4.4 we plot — 
curves that give the correct maximum pressure and velocity, for 6 = 
0.15 and 0.6, W, = 28 lb (curves I and II, respectively) and 0 = 0.15; 
W, = 32 lb (curve III). The differences are quite striking, and they 
demonstrate that for gun design it is important to find the most correct 
ballistic theory. For example, the hypothesis of a resistance to motion, 
expressed as a change of W, from 28 to 32 lb, makes a considerable dif- 
ference to the pressure during the last three quarters of the travel. The 


° A fuller discussion is given in the next chapter. 
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importance of the pressure-space curve and the fact that relatively few 
have to be computed mean that, in practice, they are obtained from a 
more refined theory than the present one. 

For gun design, only the pressure-space curve after maximum pres- 
sure is of interest; all sections of the barrel passed by the shot earlier in 
its travel are stressed by the maximum pressure itself. Another point 
is that the pressures plotted are breech pressures, whereas pressures at 
the shot are smaller. With our present assumptions about pressure 


Breech pressure, tons/sq 
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Fig. 4.4 Theoretical pressure-travel curves corresponding to Figs. 4.2 and 4.3. 

I and II have W; = 28 lb and 8 = 0.15 and 0.6, respectively; III has W; = 32 lb 

and @= 0.15. All these solutions give the observed peak pressure and muzzle 
velocity. 


gradient, the maximum pressure drop is 3.2 tons/sq in. The maximum 
pressure on any barrel section is not necessarily the pressure at the shot 
as the driving band passes that section; if, for example, the breech pres- 
sure were constant, then, when the shot were further toward the muzzle, 
the pressure at the section considered would be higher, being more 
nearly equal to the constant breech pressure. The curve of maximum 
pressure against position of the section is the envelope of the pressure- 
space curves for all times during the motion. It is usual for this curve 
to follow the shot-pressure curve from soon after peak pressure till the 
projectile reaches the muzzle. Going back toward earlier positions, the 
maximum pressure leaves from the shot-pressure curve in a smooth 
rise toward the peak breech pressure. The curve has the general nature 
of Fig. 4.5, which is not to be taken as more than qualitatively correct. 

From Fig. 4.4 it can be seen that the value of x + lat “burnt” is about 
35 per cent of its value at shot ejection. This long expansion after 
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“burnt” helps to reduce round-to-round variations of muzzle velocity. 
In this example more than half the kinetic energy of the projectile is 
acquired after “burnt.” This early position of “burnt” also reduces the 
piezometric efficiency, which is only 45 per cent; that is, the mean ac- 
celerating pressure at the shot is only 45 per cent of the peak breech 
pressure. On the other hand, the ballistic efficiency, the efficiency of 
utilization of the energy in the charge, is correspondingly large, being 
34 per cent, a figure that is not greatly exceeded in normal guns, except 
on reduced charges. The expan- 
sion ratio of this gun is 8.6, calcu- 
lated on an initial free space of 
U — C/é; from Table 4.1 it ap- Peek urgach prostor: 

pears that the maximum ballistic aiana T a wals of bore, ý 
efficiency obtainable from a gun of x 

this expansion ratio is about 47 per 
cent. Correcting for heat loss and 
pressure gradient reduces this to 
about 354% per cent; this shows 
that the rate of burning is so rapid 
with this charge that the ballistic 
efficiency is almost the maximum 
possible for any web size, at this 
particular charge weight. The force Fie. 4.5 Qualitative relation between 


of this conclusion would be re- the pressure-travel curve for the pro- 


; jectile and the maximum pressure expe- 
duced, however, if we have over- enced by the walle of the oun-as a 


estimated the heat loss. Rather function of distance down the bore. 
higher efficiency might be obtained 

at smaller charges, for which both the relative heat loss and the 
pressure gradient are smaller; on the other hand, U — C/ô is larger 
and the expansion ratio less, and so there is really not much improve- 
ment in the ballistic efficiency. Observed values rarely go above 40 
per cent. 

If we had omitted the correction for heat loss, using the thermo- 
chemical y, calculated velocities would have been about 1 per cent higher. 
The heat loss used was 21 per cent of the shot energy at the epoch con- 
sidered. It cannot be taken, however, that heat loss is responsible for a 
velocity drop of 1 per cent at constant maximum pressure; ¥ really alters 
the relation of our à to RT>. This is an effect that cannot be studied 
properly until the next chapter. 

Figure 4.4 demonstrates that, as @ is increased, keeping the peak 
pressure and muzzle velocity constant, the maximum pressure occurs 
earlier in the travel and “burnt” at a later position. 


Pressure 


Pressure at 


Distance from breech 
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Repetition of the calculations with the covolume 7 as the common 
value of covolume and solid density gives the results of Table 4.3. At 
constant A/RTo and Pm, the use of 7 in place of 1/6 raises the central 
ballistic parameter needed; that is, the web size has to be increased to 
hold P,, constant; at the same time the velocity rises, by 5.8 per cent in 
this example. At equal web size, \M/RT> must be constant, from equa- 
tion 15 of § 4.22; under these conditions A/RTo is less if 7 is used in place 


TABLE 4.3 So.tutions Usina Cy anp C/é as EXCLUDED VOLUME 
6 = 0.15; Pm = 21.4 tons/sq in. 


Using ARTo M AM/RTo zR +l, in. MYV, ft/sec 
Cn 0.9 1.913 1.721 76.8 2882 
0.770 1.604 1.235 57.6 2708 
C/é 0.9 1.089 0.980 58.1 2724 
1 1.235 1.235 66.5 2850 


of 1/ô, and the velocity is also less. To put it another way, if we use 1/6 
always, although in truth we ought sometimes to use ņ, then at a given 
rate of burning A/RT will have to be raised to get the right maximum 
pressure; the muzzle velocity will then be too high. Alternatively, if we 
use the true A/RTo and obtain the rate of burning from the observed 
peak pressure, then our derived 8 will be too big and our velocity too 
small. 

These results have been obtained from one numerical example and 
one value of 6. In the next chapter they will be shown to be valid in 
general, and numerical values will be obtained for the effect. 


4.312 Cord charges in a naval gun 


This example is intended as a warning of the errors liable to occur in 
the predictions of this theory. 

The gun is a naval gun of caliber 6 in., and a shot of normal weight 
(100 Ib) for such a caliber: W/d* = 0.463. Naval guns of the larger 
calibers are designed for high but regular muzzle velocity, and con- 
siderations of stowage and particularly of the size of ammunition hoists 
make small charges desirable: such guns tend, therefore, to have small 
chambers, relative to the total volume of the gun, and high working 
pressures. This gun has a travel of 43.7 calibers and an expansion ratio 
of 5.3. 

In Fig. 4.6 are given pressure-time curves for such a gun, firing 31- 
and 44-lb charges of the same propellant, in cord form with diameters 
0.150 and 0.205 in., respectively. This gun was considerably worn, a 
point that has been taken into account in finding the dimensions. The 
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ballistics of these rounds were (19.6 tons/sq in., 2850 ft/sec) and (29.0 
ton/sq in., 3356 ft/sec), both pressures being from piezo gage. The 
piezometric efficiencies were 0.455 and 0.426. The densities of loading 
were 0.49 and 0.70 g/cc. 

The propellant used is a relatively “hot” type, with RT) = 70.9 
(ton/sq in.) X (cc/g), density 1.57 g/cc, and thermochemical y = 1.24; 
allowing a heat loss of 25 per cent of the projectile energy, y = 1.3. 


Breech pressure, tons/sq in. 


Time, msec 


Fig. 4.6 Observed and theoretical pressure-time curves for two charges of cord 
propellant in a 6-in. gun. 


Table 4.4 lists some isothermal solutions for the lower charge. First, 
with the uncorrected shot weight and the “geometrical” 0 = 1, the value 
of A/RTo used in the previous example (0.8314) leads to a velocity about 


TABLE 4.4 ISOTHERMAL SOLUTIONS FOR THE 31-LB CHARGE 


l = 41.48 in.; all solutions give correct peak pressure. 


zp +l, MY, 
Wi 0 ARTo M in. ft/sec Error 
100 1 0.8314 1.861 150.5 2933 83 
0.78 1.655 130.4 2850 0 
110 1 0.8314 1.846 148.9 2810 —40 
0.860 1.959 161.1 2850 0 


80 ft/sec too high. This is 3 per cent of the muzzle velocity. Such a 
rise is to be expected in going from one propellant to another of greater 
@. The error may be removed by a residual correction or by lowering 
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\/RT>. In this case going down to \/RT') = 0.78 is sufficient. Alter- 
natively, we may correct for bore resistance by raising the effective shot 
weight. This gun had, in fact, been used for experiments on bore re- 
sistance, which had been found to be approximately constant during 
travel and about 1 ton/sq in. Thus a 10 per cent increase in W, seems 
to be of a reasonable order. This gives 2850 ft/sec at A/RTo = 0.86 
(Table 4.4). 

Let us now use the same values of A/RTo and W, to calculate the 
velocity given by the 44-lb charge. As Table 4.5 shows, the velocity 


TABLE 4.5 [ISOTHERMAL SOLUTIONS FOR THE 44-LB CHARGE 


l = 33.50 in.; all solutions give Pm = 29.0 tons/sq in. 


tet, MV 
Wi 8 A/RT 9 M in. ft/sec Error 
100 1 0.78 2.397 176.5 3438 82 
110 1 0.86 2.674 213.8 3430 74 


turns out to be 2.3 per cent too high and not very different for the two 
alternative solutions. A more significant measure of the discrepancy is 
the error in the change of velocity between the 31-lb and 44-lb charges; 
this change is observed to be 506 ft/sec and calculated to be about 584 
ft/sec. The error is unaltered by small decreases in 6. It is hoped that 
this example will show the size of the empirical corrections, which may 
have to be used with the isothermal theory. 

The pressure-time curves calculated from (W = 100; @ = 1; ART, = 
0.78) are shown on Fig. 4.6. The agreement is extremely good and can 
be improved by a small increase in W, to, say, 105 lb. 

The rates of burning, calculated from the observed central ballistic 
parameters, decrease as the peak pressure rises. The decrease is 8 and 5 
per cent for the solutions with W, = 100 and 110 lb, respectively. The 
pressure changes meanwhile by 50 per cent. 


4.32 Empirical corrections 
The equations of burning of the propellant may be repeated here: 


g = (1 — Le SES (45) 


D z = —fP (46) 


The value of @ has often been calculated from the geometry of the 
grain and the assumption that ignition is simultaneous and the rate of 
burning uniform on all surfaces. The 0 so obtained is not that ap- 
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propriate to firing in a gun. “Erosion” of the propellant, already dis- 
cussed in § 2.4, is sufficient to alter @ by as much as 0.2 in a high-velocity 
gun; this effect is particularly noticeable for shapes with long perfora- 
tions, but occurs to some extent for all shapes, including cord. Another 
factor which alters the ‘‘effective” @ is the assumption of a rate of burn- 
ing proportional to pressure (equation 46). Since, in fact, the rate is 
usually more nearly proportional to the 0.9 power of the pressure, the 
propellant generates gas more slowly at high pressures than one expects 
from equation 46. For charges of nearly constant burning surface, peak 
pressure occurs just before “all burnt,” so that the effect is nearly 
equivalent to an increase of @ by an amount of the order of 0.3. With 
normal cord charges the pressure falls during a large part of the later 
stages of burning, and the error in the pressure-time curve is not com- 
pletely removed by any change in @. 

Heterogeneity of any kind increases 6. As an example of heterogeneity 
within the individual grain, one may take the eccentricity of the central 
perforation so often seen in tubular propellant. Differences of web size 
and rate of burning between different grains also have the result that 
the rate of evolution of gas falls off before the charge is completely burnt. 

In view of these effects, the physical interpretation that was given to 
the auxiliary variable f collapses, and equations 45 and 46 must be re- 
placed by the single equation: 

dọ BP . % 

u D [(1 + 6)* — 404] (47) 
In this, 6 is a parameter with absolute magnitude not greater than unity, 
chosen to give the best representation of the rate of generation of gas. 
¢ and P are observables, and 0 and 8/D depend on the size and shape 
of the propellant and on its composition. It is convenient, however, 
to use a single £ for all propellant of the same composition, choosing @ to 
be a function of shape and allowing D to be a function of shape and pro- 
portional to the linear dimension of the grain. 

The possible choices are controlled by fitting to observed ballistics, 
though this obviously leaves considerable freedom. One process starts 
with the choice of 8 and D for cord as unity and the diameter of the stick, 
respectively. The rate of burning @ is then found by comparison with 
fired ballistics. Since this theory omits resistance to motion, 8 is found 
to depend on the details of the ballistics and on the gun and driving 
band. However, it is found empirically that the values 8 for different 
propellants at different pressures in the same gun can be written as 
(function of composition) X (function of maximum pressure). To deal 
with other shapes we choose, say, 6, and take 8 to be that already de- 
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termined for the same propellant at the same peak pressure in the same 
gun. Then D is determined by fitting to firings, and @ is varied until D 
bears a constant relation to the geometrical scale of the propellant grain. 
For example, in British practice multitube is treated by taking 0 = 0, 
and then it is found that D should be calculated as 1.2 times the measured 
web. D for tube is taken to be the annulus, and @ is varied for best 
over-all fit. The value of 6 is not critical, and 0 = 0.2 has been found 
quite satisfactory. The process can only be described as empirical, but 
this is inevitable in view of our neglect of initial resistance. The closed 
vessel plays no part here, because it does not reproduce the gas flow over 
the propellant in a gun; orthodox calculations of form factors and form 
functions are also used as no more than a guide, since they omit the in- 
fluences mentioned previously. 

It has been said that a satisfactory correlation with observed ballistics 
is possible with several values of 6. This is true so far as peak pressure 
and muzzle velocity are concerned. When the whole course of the pres- 
sure-time curve has to be fitted the process is less ambiguous, as was 
seen in § 4.311. However, in practice, questions involving pressure-time 
curves involve sufficient work to make it worth while to use a more 
sophisticated theory, such as one of those given in the next chapter. 

Knowing £8 as a function of peak pressure for a given propellant com- 
position in a given gun, we can calculate the central ballistic parameter 
for a charge, and, hence, the maximum pressure. We assume for the 
moment that \4/R7> is known. There is still an error in the muzzle 
velocity, depending on A/RTo and on the details of the ballistics. How 
to reduce this error to an acceptable amount is a matter for statistical 
analysis. The most convenient method is to fix \/RT'y once and for all 
and to correlate the velocity error with such parameters as P,, and M. 
One way to choose \/RT>, which has much to commend it, is to ensure 
that the peak pressure of the theory can reach the peak pressure attained 
in a fast combustion, that is, 


Ch = CRT 5 
C U-Cy 


ET i 
ô 


(48) 


For, if this equality is not obeyed, it is possible to come across gun firings 
whose pressures are too high to be ever explained by this ballistic system. 
From equation 48, 
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to the first order in n — (1/8). Hence if we take A = 1.1RTọ we shall 
not have any unaccountably high pressures. 

This relation is used in British practice, though since à and peak pres- 
sures are quoted as copper-crusher pressures and To as true pressures, 
the values in the standard tables appear to obey A = 0.9RT5. 

If we use A = 1.1RT and adjust our £ to give the observed maximum 
pressure, then our calculated shot position at maximum pressure must 
be further toward the muzzle than really occurs. The theoretical pres- 
sure-travel curve has the correct peak pressure but too wide a hump, and 
the calculated velocity is always too high. 


4.4 Ballistic effects of charge and design variables 


4.41 The web size 


As a typical example, we take the AA gun studied in § 4.311, using 
the parameters (0 = 0.6, A/RTo = 0.8314), which give a good fit to the 
observed pressure-time record. Figure 4.7 shows pressure-space curves 
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Fia. 4.7 Theoretical pressure-space curves for the heavy AA gun firing 8-lb 5-oz 
charges of three web sizes. Isothermal solutions with @ = 0.6 and A/RT) = 0.8314. 


for a charge of 8 lb 5 oz of three web sizes; the peak pressure and 
velocity are plotted in Fig. 4.8 as functions of D/fs. Figure 4.9 gives 
the pressure-velocity relation at constant charge weight. The ballistic 
and piezometric efficiencies are shown in Fig. 4.10. 

The most striking effect on the pressure-space curve is the wide move- 
ment of the position of “‘all burnt,” compared with the small changes in 
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the travel at maximum pressure. As D/§ increases, the pressure-space 
curve becomes much flatter, an effect that is shown in the rapid rise of 
piezometric efficiency (Fig. 4.10). On the other hand, the ballistic 
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Fica. 4.8 Peak pressure and muzzle velocity as functions of web size in the heavy AA 
gun. Isothermal solutions with 0 = 0.6 and A/RTo = 0.8314; the charge is 8 Ib, 5 oz. 
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Fia. 4.9 Pressure-velocity relation at constant charge weight (8 lb, 5 oz) in the 
heavy AA gun. Isothermal solutions with 0 = 0.6 and A/RTo = 0.8314. 


efficiency, which measures the extent to which the energy of the chemical 
reaction is transformed into kinetic energy of the shot, stays almost con- 
stant at one third over a wide range of web sizes. This is equivalent to 
the velocity being nearly independent of web size (Fig. 4.8). From this 
isothermal model it follows, therefore, that 8 lb 5 oz of any size of this 
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propellant could not give more than 2710 ft/sec in this gun. This exist- 
ence of such a flat maximum is very sensitive to the truth of the bal- 
listic equations used; this is obvious when it is noticed that the peak 
pressure changes by a factor of two in the important region. In practice, 
this maximum would occur at smaller values of D/8, in a region that it 
would not be possible to investigate with a gun of normal strength. 
Extrapolation of observed velocities into this region suggests, however, 
that the maximum would probably not exist in this gun. Figure 4.8 is 
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Fig. 4.10 Ballistic and piezometric efficiencies in the heavy AA gun firing constant 
charge weights of various web sizes. 
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correct in suggesting that the velocity is insensitive to D/B for fast- 
burning charges, and becomes increasingly sensitive as the position of 
“burnt” approaches the muzzle. 

The spread of the muzzle velocities obtained from a series of nominally 
identical charges arises from a variety of reasons, of which the most im- 
portant are usually the variations in the average D and 8 and variations 
in the initial resistance to the shot. In service use one can expect also 
variations in the charge and shot weights, but in experimental work these 
can be so closely controlled (or allowed for if present) that they need 
not be considered here. The web size D of each unit of propellant can 
be measured, and, by a statistical analysis of the spread of D, it is easy to 
find the variability to be expected in the mean D of charges, each con- 
sisting of a known number of units. It is difficult, however, to do the 
same for 8, the rate of burning. Variations in the initial motion of the 

10 In one lot. of solvent propellant studied by Dupuis and Chalvet, Mém. artillerie 
franç., 18 (1939) 37, grading of the grains by web size left a considerable variability 
of behavior in a closed vessel. 
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projectile are to be expected from small variations in ramming of sep- 
arate-loaded projectiles, from small changes in free runup from fixed 
ammunition, and from the tolerances on the dimensions and contour of 
the driving band. In our isothermal model the initial resistance is taken 
into account by changing 8; it follows that most of the sources of ir- 
regularity of ballistics can be taken into account by assuming that D/8 
has a distribution round its mean value. 

If this is kept in mind while Fig. 4.8 is studied, it becomes clear that 
the position of “burnt” is of great practical importance; as “burnt” ap- 
proaches the muzzle, the velocity rapidly becomes less regular. 

The pressure when the shot is near the muzzle is greatest for the 
charge that has done least work; the muzzle pressure is greatest for the 
slowest-burning charge (Fig. 4.7). 


4.42 The charge weight 


We begin with some results, calculated with 6 = 0.6 and A/RT> = 
0.8314, for the same gun as in the previous section. First, some results 
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Fic. 4.11 Pressure-travel curves for the heavy AA gun firing charges of constant 
D/g. Isothermal solutions with @ = 0.6 and A/RTo = 0.8314. 


at constant D/8 are given in Figs. 4.11 to 4.14. Before looking at these 
it must be repeated that the values of 8 for one and the same propellant 
fired under different circumstances are not the same; this is a consequence 
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Fie. 4.12 Muzzle velocity as a function of charge weight (at constant D/g) in 
the heavy AA gun. Isothermal solutions with 6 = 0.6 and A/R7 = 0.8314. 
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Fig. 4.13 Velocity-pressure relation at constant D/8 in the heavy AA gun. Iso- 
thermal solutions with 6 = 0.6 and A/RT») = 0.8314. 
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of the too simple assumptions made in this theory. 8 depends on the 
design of the rifling and driving band and in any one type of gun is almost 
entirely a function of peak pressure. In going from 10 to 20 tons/sq in. 
8 may decrease by 10 per cent. Figures 4.11 through 4.14 do not repre- 
sent the behavior of a gun firing increasing charge weights of the same 
web size. To find the latter we have to add, to the effects shown in Figs. 
4.11 through 4.14, a certain amount of the effects produced by increas- 
ing D/8 at constant charge weight (Figs. 4.7 to 4.10). The final result 
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Fig. 4.14 Efficiencies of gun and charge for the heavy AA gun, at constant D/B. 
Isothermal solutions with 0 = 0.6 and A/RTo = 0.8314. 


shows the same trends as in Figs. 4.11 to 4.14 but in a less intense form; 
exception must be made for the rising muzzle pressure with increasing 
charge, which is really a little more pronounced than in Fig. 4.11. 

The position at which maximum pressure is attained varies little with 
charge, whereas the position of “burnt”? moves much more. Since the 
velocity at ‘‘burnt” is nearly constant, by equation 18, the wide vari- 
ation in the peak pressure implies a large movement of “burnt.” 

At a given travel, the variation of pressure with charge is least near 
the muzzle. This arises from our assumption that the gas temperature 
at “burnt” is the same for all charges; the biggest charge has the biggest 
adiabatic expansion up to any assigned position, and has therefore the 
lowest temperature there. This helps to reduce the variation of muzzle 
pressure with charge. 

Figure 4.12 shows that the velocity increases steadily with charge and 
that at constant D/8 the rate of increase of velocity with charge is much 
the same at all charge weights—a point that makes easier the testing of 
guns and propellants. 
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It is often convenient to use the simple relation, 


Fag (constant D) (49) 
where n is a constant. Writing 
d log V 
n = 
d log C 


we find that in this example n depends little on C, at constant D, until 
one approaches the boundary “burnt” at “muzzle.” Here n increases 


12 


6 a “Unburnt” at 


Frc. 4.15 Peak-pressure and muzzle velocity as functions of loading conditions in 
the heavy AA gun. Isothermal solutions with 6 = 0.6 and A/RT> = 0.8314. 


sharply. For webs less than 0.06 in., n lies between 0.5 and 0.6, rising 
to about 0.8 on the curve “burnt” at “muzzle” at charges round 8 lb. 
For rough estimates of the effect of small changes in the charge weight, 
equation 49 with n = 0.6 would be satisfactory in this gun. As a mean 
over the whole range of types of guns found in practice, n = 0.7 is better. 

The ballistic efficiency varies a little with charge, increasing for large 
charges. The piezometric efficiency, which measures the flatness of the 
pressure-space curve, falls at the same time, in a much more decided 
manner. It may be noticed that even for this relatively small-chambered 
gun the piezometric efficiency can rise to nearly 70 per cent, although 
in normal use it is fired at 45 per cent. 

We have combined the effects of charge and D/8 in Fig. 4.15, which 
shows the curves of (1) constant velocity and (2) constant peak pressure, 
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together with the boundaries along which (3) the peak pressure begins 
to occur after “all burnt,” and (4) “burnt” is at the muzzle. We have 
indicated that the simple isothermal model cannot be expected to cover 
such a wide range of conditions without some empirical adjustments. 
These would transform Fig. 4.15 into something resembling Fig. 4.16. 
The changes are greatest at low pressures, for the resistance to motion is 
then largest relative to the gas pressure, and our simple treatment is 
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Fia. 4.16 Peak-pressure and muzzle-velocity relations of the type to be expected 
in the heavy AA gun. 


least effective. The range of D is relatively wider at low charges than 
the range of D/8; that is, at small charge weights the gun can consume a 
wider range of web sizes than would be expected from the uncorrected 
theory. 

The rate of change of velocity with D or D/8 is primarily a function 
of D, increasing as D increases. Rather more exactly, it depends on the 
position of “burnt.” This is shown in Fig. 4.17, together with a scale 
indicating the density of loading. In this gun with this shape of propel- 
lant it would be difficult to go higher than 0.8 g/cc. Figure 4.16 shows 
also that at a given pressure the regularity will be worst at high muzzle 
velocity. 

In Fig. 4.18 are plotted the curves of constant ballistic and piezometric 
efficiencies. These are nearly parallel; thus, a high piezometric efficiency 
is, generally speaking, associated with a low muzzle energy per unit 
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Fig. 4.18 Ballistic and piezometric efficiencies to be expected in the heavy AA gun. 
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weight of charge, though the variation in the piezometric efficiency is 
more than twice as large as in the ballistic efficiency. At given ballistic 
efficiency there is a maximum attainable piezometric efficiency; for ex- 
ample, at a ballistic efficiency of 0.325 the highest piezometric efficiency 
in this gun is about 0.48. In many cases, however, the maximum occurs 
at charges that could not be loaded. 

The curves of constant ballistic efficiency run roughly parallel to the 
curves of constant peak pressure (Fig. 4.16). At each pressure there is 
a slight advantage in burning the charge as quickly as possible. The 
most striking resemblance is that between the curves of constant travel 
to “burnt” and the curves of constant ballistic efficiency. This shows 
again the practical importance of the position of ‘‘burnt” as an index of 
the general behavior of the propellant charge. 

The temperature of the propellant affects the rate of burning 8. This 
has the result that temperature corrections to velocity go hand in hand 
with irregularity of velocity. A gun-charge combination whose velocity 
is sensitive to temperature gives, by and large, a poor regularity. 

One attraction of the isothermal model is the simple formula obtained 
for the effect of D/8 on muzzle velocity. We have 


dV V el 
X-as] -2 KED (60) (50) 
EN RES (1 — 2r'~7) (@=0) (50A) 
and 
dV DV ony 
es ee ee TED] 00) (51) 
DV ia 
Sua T ) (@=0) (51A) 


where V is the muzzle velocity. Knowing the temperature dependence 
of 8, one can estimate the rate of change of velocity with temperature. 

The calculation of differential effects is a particularly useful applica- 
tion of all ballistic theories. Differential effects, such as the variation 
of velocity with ambient temperature, are much harder to determine by 
experiment than the pressure or velocity themselves. The number of 
rounds needed before a statistically significant answer can be obtained 
can be calculated from the observed dispersion of the quantity being 
measured, and is surprisingly high; for instance, if we try to determine 
the rate of change of velocity with temperature to the nearest foot per 
second per 10°F by firing pairs of 10-round series at 50°F apart, then, if 
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our gun has a mean deviation, from round to round, of 5 ft/sec it will 
be necessary to fire 10 such double series. It is British practice to carry 
out only sufficient firing to fix the order of magnitude of the differential 
effect and then to accept the theoretical estimate unless a gross dis- 
crepancy has been revealed. 


4.43 The total travel 


If the total travel is reduced without other change in the gun, there is 
obviously a smaller muzzle energy at a given pressure. The curves of 
constant ballistic efficiency are moved to the left, but least of all if the 
piezometric efficiency is high. Piezometric efficiencies go up. 

All these changes are normally small. For example, this gun, which 
gave 2701 ft/sec with a typical charge, would appear to give about 4100 
ft/sec if one could increase the travel without limit; this velocity is, 
however, approached extremely slowly—doubling the existing travel 
raises the velocity by little more than 10 per cent. 


4.44 Chamber capacity 


This is related to the effect of total travel. It is sufficient to consider 
a change of capacity at constant loading density. Let the change be 
y per cent. Then the effect is the same as (1) increasing the whole in- 
ternal volume by y per cent, while (2) reducing the travel by y per cent. 
The former increases the shot energy at the muzzle by y per cent, at a 
given peak pressure. The effect (2) has been discussed in the preceding 
section. 


4.45 Shot weight 


A change in effective shot weight W, may arise from a change in either 
the true mass W or in that part of the resistance to motion that is propor- 
tional to pressure. To compare the same gun firing two values of W4, 
we need only correlate one solution with C, D, W, as the parameters 
with some other solution C’, D’, W,’, for any change AC, AD, AW, may 
then be obtained by superposition of the effects discussed in §§ 4.41 and 
4.42. 

Suppose that C’ = C and 


C 
1 ee 
D’ oy + 3W:;' 
D MW, C 
1 + — 
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Then M’ = M and # = 4, leading to 
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Thus, overlooking the slight trend due to the pressure-gradient cor- 
rections, we can say that, at equal charges and with webs proportional 
to W,”, the pressure and the energy of the shot at any given travel are 
unaltered. 

If W, approaches the mass of the recoiling parts, the energy in the 
shot begins to fall. It is easy to show that W, = (CMo/3)” gives the 
maximum shot energy from a given gun with charge C, total recoiling 
mass Mo, and D varying to keep P,,[1 — (C/6W,)] constant. This weight 
is much greater than normal projectile weights, except for a muzzle- 
loading infantry mortar; here the total recoiling mass may be no more 
than 100 lb, with W, = 10 lb and C a few ounces. 


4.46 Propellant shape 
We shall compare some solutions differing only in charge weight, web, 
and form factor @. First, the case of constant peak pressure from a con- 
stant charge weight is shown in Table 4.6. Since the error in the ve- 


TABLE 4.6 SOLUTIONS WITH GIVEN PEAK PRESSURE AND CHARGE WEIGHT 
Peak Pressure 21.4 tons/sq in.; Charge 8 lb 5 oz 


xB + l, 

6 M 100D /8 in. MV A(MV) 
0 0.911 5.84 52.3 2600 —5.1 
0.6 1.460 7.39 66.0 2701 —2.9 
1 2.189 9.05 95.9 2770 —4.3 


A(MYV) refers to a 2 per cent change in D/f. 


locity from the isothermal model varies with 6, these results give only an 
indication of what is to be expected in practice. The theory tends to 
overestimate the velocity most for cord. The results do show, never- 
theless, that a greater velocity is obtained from a charge of cord (0 = 1) 
than from one of constant-burning surface (@ = 0). The solutions have 
roughly the same sensitivity to small changes of web and may be ex- 
pected to give much the same regularity of velocity. 

Note that the web of the charge with 0 = 0 is about two thirds of that 
of the cord. This is a useful rough rule for mental comparison of the 
ballistic speeds of tubular and cord propellants. 
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The wide variation of the position of “burnt” in Table 4.6 suggests 
that we should compare solutions giving the same maximum pressure 
and constant travel to “burnt.” Table 4.7 shows that under these con- 
ditions the shape with constant-burning surface enables a bigger charge 
to be consumed, giving a higher velocity; the gain of kinetic energy is 
less marked than the increase of charge weight. The difference of ve- 


TABLE 4.7 SOLUTIONS WITH GIVEN PRESSURE AND TRAVEL AT “BURNT” 
Peak Pressure 21.4 tons/sq in.; “Burnt” at 45.0 in. Travel 


Ballistic 

6 C, lb M 100D/8 MV Efficiency A(MV) 
0 9.819 1.224 6.76 2817 0.309 —9.6 
0.6 8.3125 1.460 7.39 2701 0.335 —2.9 
1 7.432 1.589 7.71 2611 0.351 0.3 


locity between 0 = 0 and @ = 1 would, in practice, be rather greater 
than indicated here. 

The solution with 6 = 0 is appreciably more sensitive to D/@ than are 
the other solutions. The cord solution actually has a velocity increasing 
with increase of web. This comes from the behavior of the bracketed 
term in equations 51 and 51A, which makes dV /d(D/8) zero at an ex- 
pansion ratio: 


9 1/G-1) 
r= F In (1 + J (52) 


For ¥ = 1.34, the critical ratios for @ = 0 and 1 are 7.7 and 2.6, respec- 
tively. Both increase as 7 is reduced; for example, 7 = 1.25 leads to 
values of 16 and 3.7. Thus for cord the curve dV/dM = 0 is well within 
the working range, so that if we keep to expansion ratios (from “burnt” 
to ‘‘muzzle’’) of about three, the gun should be very regular. For bigger 
r, D/B is smaller; hence this regularity of cord charges may be expected 
to hold for all expansion ratios of three or more. 


4.47 Nature of propellant 
There is little to be said here. At constant charge, with web adjusted 
to keep the same central ballistic parameter, both the maximum pressure 
and the kinetic energy given to the projectile are proportional to the 
force constant A. The effect of a change in the specific heat of the prod- 
ucts, that is, a change in 7, cannot be found from this theory. 


4.5 The history of the isothermal model 
The idea that a useful approximation could be obtained by neglecting 
the variation of gas temperature during the motion appears very early 
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in the literature. We find Moisson ! making this approximation in 1887 
for charges of gunpowder, though he also made the same assumption 
during the period after the charge had burned completely; he took n = 
1/6, rate of burning proportional to pressure, no shot-start pressure, 
and the form function: 


¢=1-/" 


He was followed by Mata,” whose work attracted attention in Italy and 
France." Mata’s system differed from Moisson’s in that the form func- 
tions considered were the general cubic in f, obtained for particular 
shapes by geometrical arguments, and in certain other details. Neither 
Moisson nor Mata obtained the simple formula 26 for the maximum 
pressure, leaving it at essentially equation 24. 

During the First World War, it was discovered in Britain that the 
isothermal equations made a satisfactory basis for charge estimation, 
provided that the rate of burning were taken to be a function of band, 
rifling, and peak pressure, as well as propellant composition, of course. 
This was an empirical discovery, and the theory was studied by Sir 
Alwyn Crow. His transformation of initial resistance into a change of 
effective rate of burning has not survived later criticisms, but his 
simplification of the maximum pressure equation to the form 26 has been 
useful. 

A very similar method has been published lately by Langweiler “ and 
has apparently been much used in German ballistics. The essential dif- 
ferences are that Langweiler considers only the case 0 = 0 and that the 
initial resistance to motion is represented by a shot-start pressure, falling 
to zero as soon as the projectile moves. The former simplification is one 
that it is natural to make in German practice, where the great majority 
of propellant is made in the form of tube or ribbon, with 0 therefore small, 
say, 0.2. The effect of shot-start pressure on the peak pressure is ob- 
tained as an approximate correction, and the effect on muzzle velocity 
is simulated by an appropriate change in the central ballistic parameter. 

In its practical use, Langweiler’s method has been supplemented by 
empirical corrections, which seem to be at least as large as those needed 
with the method used in this chapter. 


11 Moisson, Pyrodynamique (Paris, 1887), especially p. 104 onwards. 

12 Mata, Rév. armée belge (1890), 158; (1893), 128; (1894), 81; Tradato de ballistica 
interior (Madrid, 1890). 

13 Bravetta, Z. ges. Schiess- u. Sprengstoffw., 1 (1906), 214, 249, 310; also Mém. 
artillerie marine, 30 (1902), 225, 287. 

14 Langweiler, Z. ges. Schiess- u. Sprengstoffw., 33 (1938), 273, 305, 338. 
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EXAMPLES 


1. Show that, if there is a coefficient of friction u between the driving band and 
the rifling grooves in the gun, equation 10 should be replaced by 


4k? ae) 
BLT oA (== 


2. Show that, if the form factor @ cannot be negative and if unburnt propellant 
is not allowed at the moment of shot ejection, then the maximum possible piezo- 
metric efficiency is 88 per cent. 

3. Show that, if the propellant is cord, there are no discontinuities of slope in the 
pressure-time curve. 

4. Show that, if a given weight of charge is fired in a given gun, the travel at 
which the pressure is a maximum is less for any charge of cord than it is for a charge 
of constant-burning surface. 

5. Show that, if a given weight of charge is fired in a given gun to produce a speci- 
fied pressure, the travel to “burnt” will usually be greater for cord than for a charge 
of constant burning surface. 
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More Advanced 


CHAPTER FIVE 
Ballistic Methods 


The method explained in the previous chapter gives a valuable insight 
into the behavior of guns and can be converted from a qualitative to a _ 
quantitative treatment if supplemented by empirical corrections. The 
critical may, however, point to at least four ways in which the previous 
method deviates from physical reality. 

(a) It is assumed that the rate of burning of the Propeuanted is pro- 
portional to the pressure on it. 

(b) Resistance to motion of the shot is taken into account only by 
an increase of the effective mass of the projectile and by an increase of 
the effective rate of burning; the former allows for a resistance propor- 
tional to the instantaneous pressure, whereas the latter produces much 
the same effect on the ballistics as the actual high resistance during the 
engraving of the band. 

(c) It is assumed that the covolume 7 of the propellant gases is equal 
to the specific volume 1/6 of the unburnt propellant. 

(d) The progressive cooling of the gases by the work done on the shot 
is approximated, up to “burnt,” by taking a mean temperature; after 
“burnt” the treatment is accurate. 

For most propellants a, the pressure index of the rate of burning at 
gun pressures, is around 0.9, and it rarely falls below 0.8. Assumption a 
is, therefore, usually a good approximation. A theory that avoids this 
restriction is sketched later in this chapter. 

We shall now discuss a solution, due to Coppock, which uses the 
approximations a and b but treats the points c and d in an accurate 
manner. We shall then sketch a method that also includes the effects 
of covolume and kinetic-energy terms and prefers to represent the 
initial resistance by a “shot-start pressure,” with zero resistance after 


the pressure has attained this value. 
174 
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5.1 The energy equation of interior ballistics 


The kinetic energy of the shot at any time is 14W V?. If it is assumed 
that the propellant gas is distributed with uniform density between 
breech and shot and that its velocity at any point is proportional to the 
distance from the breech face, the kinetic energy of the gases is %CV". 
This is the conventional assumption and is consistent with our other 
assumptions about pressure gradient; whether it is accurate is discussed 
in chapter 9 (Lagrange corrections), but the matter is not important in 
practice until C/W approaches unity, that is, at muzzle velocities 
around 4000 ft/sec. The sum of these kinetic energies is 


aW + 3C)V? (1) 


to which we must add corrections for rotation of the shot, resistance to 
motion, and recoil of the gun. These have been discussed in chapter 4, 
and the effect is to replace equation 1 by 


2(W, + 4C)V? (2) 


If it is assumed that the heat loss up to any time is a fraction x of this 
kinetic energy, the total loss of energy by the propellant gases up to 
any particular time is 


4(1 + x)(Wi + 4C)V? 


The specific heat, at constant volume, of these gases is R/(y — 1), and 
the temperature attained when the gases do no work is To. Hence, the 
temperature T at any time is given by 


CR 1+ x( 1 ) 
—— (To —T) = Wit-C)V? 
Jal (To ) 9 t+ 3 
Writing T/To = T’, a “reduced temperature,” and 
Fl Ha = 1) (3) 
we have 
a AY W 
j 2 C  3/ RTo 


From this it is clear that a ballistically important property of a pro- 
pellant is RTo/(y — 1), which is usually known as the ‘“‘potential” and 
has already been mentioned in § 3.4. This has the dimensions of energy 
per unit mass, or the square of a velocity, and the range covered by 
modern solid propellants is roughly from 3 to 6 X 10’ (ft/sec)? or 600 
to 1200 cal/g. If y were constant from the temperatures attained in 
`the gun, of the order of To, right down to 0°K, then RT9/(y — 1) would 
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5.1 The energy equation of interior ballistics 


The kinetic energy of the shot at any time is 14W V?. If it is assumed 
that the propellant gas is distributed with uniform density between 
breech and shot and that its velocity at any point is proportional to the 
distance from the breech face, the kinetic energy of the gases is %CV". 
This is the conventional assumption and is consistent with our other 
assumptions about pressure gradient; whether it is accurate is discussed 
in chapter 9 (Lagrange corrections), but the matter is not important in 
practice until C/W approaches unity, that is, at muzzle velocities 
around 4000 ft/sec. The sum of these kinetic energies is 


3(W + 3C)V? (1) 


to which we must add corrections for rotation of the shot, resistance to 
motion, and recoil of the gun. These have been discussed in chapter 4, 
and the effect is to replace equation 1 by 


2(W, + 4C)V? (2) 


If it is assumed that the heat loss up to any time is a fraction x of this 
kinetic energy, the total loss of energy by the propellant gases up to 
any particular time is 


4(1 + x)(Wi + 4C)V? 


The specific heat, at constant volume, of these gases is R/(y — 1), and 
the temperature attained when the gases do no work is To. Hence, the 
temperature T at any time is given by 


oCR ET x( 1 ) 
—— (To —T) = Wit-C)V? 
TEN (To ) 7 i+ 3 
Writing T/To = T’, a “reduced temperature,” and 
7—1 = (1 +x- 1) (3) 
we have 
a- m= (44) ES cy 
f 2 C 327 RT» . 


From this it is clear that a ballistically important property of a pro- 
pellant is RTo/(y — 1), which is usually known as the “potential’”’ and 
has already been mentioned in § 3.4. This has the dimensions of energy 
per unit mass, or the square of a velocity, and the range covered by 
modern solid propellants is roughly from 3 to 6 X 10’ (ft/sec)? or 600 
to 1200 cal/g. If y were constant from the temperatures attained in 
~the gun, of the order of To, right down to 0°K, then RT9/(y — 1) would 
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be the internal energy of the products of combustion, formed without 
performance of work. The “calorimetric value (water liquid)” of the 
propellant is rather smaller than the ‘‘potential,’’ partly because the 
former refers to the energy given up by the explosion gases in cooling 
to 300°K rather than to 0°K, partly because the specific heat of the 
products decreases as the temperature falls; these effects more than 
counterbalance the latent heat of condensation of the water vapor in 
the products. The potential is, in fact, about 5 per cent bigger than 
the calorimetric value for “hot” propellants, and the difference increases 
to some 15 per cent for cool flashless propellants. 

RT» is usually quoted in (tons per square inch) per (gram per cubic 
centimeter). If the potential is required in calories per gram, the con- 
version factor is 


3.69RT'5 
Potential = ————— 
y— 1 
The equation of state of the gas in the gun is 
C 
orhi E) 
C(1 — ¢) ý + 2W 
P| U + Ax — —— — Coq | = -— (5) 
ô t C 
3Wı 


which enables equation 4 to be written in the form: 


s e 
A T a 3/ RTo 


P(t aw) 
3W, 


CRT (1 $ £ ) 
i 2W, 

Either equation 4 or equation 6 may be regarded as the basic energy 

equation for orthodox guns. They were first introduced into interior 

ballistics by Résal,' and equation 6 is usually called the Résal equation. 

The first term on the right-hand side of equation 6 steadily increases 

in relative importance, and, when ¢ = 1, this term is normally of the 
order of 0.2-0.3. 

Heat losses to the walls of the bore have been taken into account by a 

suitable choice of ¥. A resistance to shot motion, proportional to the 

instantaneous pressure, requires an adjustment to W,. A resistance 


[uta A 


1 Résal, Recherches sur le mouvement des projectiles dans les armes à feu (Paris, 1864). 
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varying in any other way with time or travel can be included in an 
obvious way, by adding a new term to equations 4 and 6. 


5.2 Coppock’s solution 


5.21 Assumptions 


(a) The rate of burning is proportional to the pressure. 

(b) The gases have a constant covolume 7, not necessarily equal to 1/6. 

(c) The propellant burns at the breech pressure; that is, the propel- 
lant stays in the chamber. 

(d) The law of burning away of the propellant grain is 


g= =f) + Ff) 


(e) No account is taken of resistance to motion of the shot, though, 
of course, in the practical application of these results one may increase 
the rate of burning to simulate the effects of engraving resistance. 

The other assumptions are so conventional that they need not be 
mentioned here: such are, for example, the assumption of a constant 7 
and the conventional assumptions about pressure gradient in the gun. 


5.22 Equations of the problem 
From d of the previous section, 


$= (1 — f)(1 + 0f) (7) 
and, from a, 
pn —BP (8) 
ie 


F 


m) 

P| 1 + — 

y¥-—1/W, 1\ V? drs C 

( ee hy eee 4 ae ee 

2 C 3/ RTo CRTo(1 +5) ô 
» 2W, 


in which we write, in the notation of the previous chapter, 


C 
cana hae ara 


178 More Advanced Ballistic Methods 


AP +) (1+ =) 


Re Dad D anal 
2 C 3/ RTo CRT, (1 4 P 
2W, 
Finally, the motion of the shot gives a fourth equation: 
(w: +50)< = 4P (10) 
2 dt 


Before we proceed further, it is well to have in mind the size of the 
various terms in equation 9. yn — (1/8) is about 0.3 cc/g, and RT> is 
usually around 60 tons/sq in. per (g/cc), so that the effect of the co- 
volume term is to increase the effective force constant by about 10 per 
cent at a pressure of 20 tons/sq in. The first term on the right increases 
in importance, relative to the second, as burning proceeds, and may 
reach as much as one third of the latter. ` 


5.23 Solution of the equations 
From equations 8 and 10 we derive 


ADU =F) 
V iee (11) 
B(W, + 2C) 
which is exactly the same as the corresponding result of the isothermal 
model (equation 13 of chapter 4). Write 


C- 


b = = (12) 
E 
Into equation 9, in the form, 
C 
a(i) 
(7 — 1I)(W, + 40) V? ( 3Wı 
= so li —b 
$ 2CRT, + a [x + 1 $)] 


crr (1 —— 
2W1ı 
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we substitute equations 8, 10, and 11, giving 


dx 
oot eet) = Mblo (13) 
where jy 
zai To bas (14) 
6 =60+3(7 —1)M (15) 
anfi + =) 
3W 
and M = Scale Seca 
| 2W CRT, ¢ =) 
B“Wi o{ i+ OW, 


Integrating equation 13 gives 
1+ 6\¥”" ybM(1 + 6)? 
1a — =(=) h- te | 
die dii Z (M + 6)(M + 26) 
biZ[7M(1 + 6) — 26(M + 4)(1 — f) 


16 
(M + 6;)(M + 26;) 6) 
which relates the travel to the parameter f. 
From equation 9, using equation 11, we obtain 
C 
CRT (1 + ) 
Pe tid = b)l=—————--— 
aliti) 
F 3W, 


We now seek the maximum breech pressure Pm. From equation 13 we 
have 


— = - 1 A) (18) 


and if we introduce the dimensionless quantity, 


(1-3) (1+ a) 


k = — (19) 


=) 
RT (1 + —_ 
o( + OW, 
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we can write equation 17 as 


Pet) =e eee 


(14597) 
3W, 


Differentiating equation 20 with respect to f, and using dP/df = 0, 
one obtains, as the parameter at maximum pressure, 
yM+¢6e-1 


m = 21 
f y'M + 20 eh) 
where 
¥ 
l 22 
ial ET a) 


For pressures up to 25 tons/sq in., RTo greater than 60 (tons/sq in.) 
X (cc/g), n less than 1.02 cc/g, and ô less than 1.67 g/cc, the maximum 
value of k is 0.175. It is convenient to introduce also a quantity: 


t=y -F+1 (23) 
Then 
1+ 4 
~ Sau = tM + 26, (24) 
and 
1+ 6)(¢M + 80 
Fes (1 + 6)(EM + 4;) (25) 
EM + 26, 


To evaluate z + l(1 — bẹ) at peak pressure, we shall need 


(: + a (EM + 6,)(EM + 26,)\%/*? 
Zm / (EM + 26,)?(EM + 01) # 
_ (M + 6) 
(EM + 26,)? 
by the approximation already used in chapter 4 to pass from equation 24 
to equation 26. Expanding in powers of k gives 
1+ 6\"%" M +8 ky)? 
(= ) _ GM +0) jem fi + } +46, 
A (EM + 2%)? 2 J 
Now 7 is at most 1.35, and the term 14(k7)? is always less than 3 per 


cent and is usually much less than this limit. Thus it is sufficiently 
accurate to write 


(ge"/5M + 401) 
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(: a ys (EM + 6,)(eM + 46,) 
Zn i (EM + 26,)? 


(26) 


Substituting in equation 16, we have 


[tm + U1 — bom) (EM + 26;)? 


ybM(1 + 6)? 
tM + 0, 


(M + 6;)(Af + 201) 
bI(1 + 6)*[7M(EM + 26,) — 20(M + 6,)] 
(M + 6:)(M + 201) 


= l(eM + 40) E or 


(27) 


From equations 17, 24, and 25, 


Praltm + UL — bom) (EM + 264)? ee (1 g 
mlm = m d 
E DP A i bat A ASA e S (1 + 0)? (28) 
¿M + 0i ( C ) 
Alti+—— 
3W, 


Dividing equation 27 by equation 28 and expanding in powers of 
n — 1/6, we find that 


C 
rr (1 +) 

(e +27 -2M +4 C 2W, 1 6 
i | st (7 -- J Fl) 29) 
(1 + 6)? E C 5 M 
Pm (1 + — 

3W, 


where 
yle +7 — 2) + (87 + 1)r + 27” 


GO +1) +r + 27) 


The next term on the right of equation 29 involving (n — 1/6)” amounts 
to at most 3 per cent of the first term and may be neglected. 

F, is a slowly varying function of ¥ and r. Over the practical range 
of 7, 1.25 to 1.35, Fı varies by less than 1 per cent and may therefore 
be given the value for y = 1.3. In practice @/M can take values ranging 
from small negative values to about unity. Over this range, Fı can be 
represented by 


Fı(r) = (30) 


Fi(r) = 1.755 — 0.7497 + 0.3437? (31) 


which is in error by less than 1 per cent. 

Equation 29 is the fundamental equation, which gives the maximum 
pressure in terms of the charge, gun dimensions, and the central ballistic 
parameter M. Conversely, if Pm is known, M can be obtained from 
equation 29 by successive approximation, which converges very rapidly. 
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The other interesting point of the solution is “burnt.” Putting 
f = 0 in the general formulas previously obtained, we have 


Vr = _ AD _ (32) 
P B(W, +40) 
Zg =1—-3(% — 1)M (33) 
iS T | ybM(1 + 6)? 
ib) wl Prope re at 
ag DN ee) ( Zn (M + 0,)(M + 26,) 
= _ 1 2 

blZs[(7 — 0M — 267] a 


(M + 6;)(M + 20) 
and 
C 
CRT Zz (1 + a) 


2W, 
Pp ——_—_—_—_—_—_—_—_—_—_——— (35) 


Ales +10 — (1+ =) 


It only remains to give the solution for the adiabatic expansion 
‘after “burnt.” The method is the same as in § 4.23, and the solution is 


‘ P= Ppr7? 
' where 
+l1—b 
r= Soe ( (36) 
tp + U1 — b) 
and 
y? = LETO _ IM + Zat] (37) 
 W,+ł4C 
where 
2 aa 
b= a —r ~?) (38) 
y¥-—1 


5.24 Summary of the working formulas 


The formulas most used in practice are the following. 
A. The relation between Pm and M: 


E ER ia 20 (2) a 


with 


provided 
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6 8 0N? 
F (>) = 1.755 — 0.749 — + 0.343 (5) 
M M M 


yM > (1 — 9) 1+(1--) 


P (1+ —) 
aia 3W, 


mn(1+ E) 
ý 2W 


otherwise peak pressure is at “burnt.” 
B. The travel and pressure at “burnt”: 


where 


and 


Also, 


1 
ze +10 =) =1( 7 


ZB 


0: 


Pg 


+ T l i 7bM(1 + 0)? | 


7 (M+ 6)(M + 26,) 


blZsB[(7 — 0)M — 26°] 


(M + 6;)(M + 26;) 


=1-3747-1)M 
“(1-35 
AT WE 
=6+3(7—1)M 


c 
r PE DE 
CRToZa ( +) 
A[zg + 1(1 bI(1 + =) 
T -m —Ė 
= 3W, 


C. The velocity at the muzzle: 


where 


and 


y? = LE (M + Zs) 
Wi +4C 


pe -9 
y¥—1 


z+ — b) 
r= — ~ 
xg + i(1 — b) 
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(31) 


(35) 


(37) 


(38) 


(36) 
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5.25 The nature of the effects produced by covolume and 
kinetic-energy terms 


When @ = 0, the equation 29 for the maximum pressure is 
DEE 
"3 RT, 


1\ Pa F117 
= e+27 -2m |1+(1->) a | (39) 
0- 


C 
orte(1 +) 


1 


wp. (1+) 
i 3W, 


M depends on RT» and is, in fact, inversely proportional to ARTo. Thus 


if we write 
ki = RT fı 4 ( -) Pons)” (40) 
pe 1 3/ RT, 


and denote M, as the value of M when calculated with this value of the 
force constant, then from équation 39 we have 


on (1+ —) 
i QW 


rG) 
k 3Wı 


which is the same form as would be obtained if n = 1/8. The effect of 
the n — (1/5) term on the maximum pressure is therefore the same as 
an increase in the force constant by 3[n — (1/8)]PmFı. This is inde- 
pendent of RETo, almost independent of 7, and it depends on the details 
of the ballistic solution only through Pm. For propellants in everyday 
use, n — (1/6) ranges from 0.25 to 0.4 cc/g, with 4 cc/g as an average; 
F,(0) = 1.755; hence, at Pm = 20 tons/sq in. the effective increase in 
the force constant is about 6 (tons/sq in.) X (ce/g), which is slightly 
less than 10 per cent of a normal RT. 

For cord 0 = 1, and an average @/M is about 0.5, making F, = 1.5. 
This is less than F,(0), but, owing to the 40 term in equation 29, the 
effective increase in RTo is nearly the same as before. The increase 
in the force constant is in fact almost independent of propellant shape. 

We now compare the maximum pressure calculated from this effective 
, and that obtained from the isothermal model of chapter 4. This 
will show how the à of chapter 4 is related to A, and RTo. 


= (e + 27 — 2)M, (41) 
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From equation 26 of chapter 4, 


C 
2 2 
A“C(1 + 80) (+; -) 
Pm = l N (42) 


C 
E(eMnd + 46d) ( 1 +—— 
(eM + )( tae) 


and, from equation 29 of this chapter, 


M C(L + 0 (1 + £ ) 
2W, 
P,, = ——————— J (43) 
C 


E 27 — 2) M) 40A 1 — 
[(e + 27 )Miryy + mn +5) 


From the definition of the central ballistic parameter, 
M A= M 1A1 


Consider first the case 0 = 0. The simpler theory gives the correct 


1 


This varies little with ¥ over the range of interest in ballistics. For 
¥ = 1.3, \/A, = 0.91; that is, the mean temperature that gives the 
right peak pressure is 9 per cent less than the effective maximum tem- 
perature in a theory that includes the energy of the shot. Since also 
\1/RT > is about 1.1 at Pm = 20 tons/sq in., A œ RTo for such pressures. 

For cord, \/A; depends on M and in a typical case is 0.93. The 
dependence of A/^ on the shape of the propellant is therefore small. 

To sum up, it has been shown that the proper A to use in the calculation 
of Pm from the isothermal model is within 1 or 2 per cent of RT p, if 
Pm is of the order of 20 tons/sq in. At lower maximum pressures, say 
around 10 tons/sq in., the appropriate falls below RETo by up to 5 
per cent. 

The contribution of n — (1/6) and kinetic-energy terms to the muzzle 
velocity is not so easily picked out from the formulas, though they may 
be demonstrated by computations on typical examples. To this we 
shall return later. Here we shall consider only the muzzle velocity 
obtained from the isothermal model. If A is chosen to give the correct 
Pm, the pressure later in the solution will be too big and the muzzle 
velocity too high. This is particularly so for cord charges, since, as can 
be seen from examples 4 and 5 at the end of chapter 4, it is for such 
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charges that maximum pressure occurs earliest relative to “burnt.” 
Therefore, the value of A, which gives the correct velocity, will be less 
than RT», and the difference will be greatest for charges of cord. Alter- 
natively, if a single value of A is associated with each propellant composi- 
tion, the velocity error (= calculated — fired) will be algebraically 
bigger for cord charges. This is indeed observed in practice. 

From the peak pressures of various charges of a given propellant 
type in a given gun, one can calculate the central ballistic parameter 
and thence the effective rate of burning 8. Since neither the theory of 
chapter 4 nor that used up to the present in this chapter takes explicit 
account of initial resistance, it is not surprising that the values of 8 
calculated from both theories are found to depend on the details of the 
ballistics, though in rather different fashion for the two theories. In 
both, 6 is chiefly a function of the peak pressure, for a given gun and 
driving band. 

The solution when the covolume term is omitted (that is, 7 = 1/8) 
is well known; see Lorenz ? or other expositions listed by Cranz.’ Closely 
related solutions are given by Desmaziéres.* 


5.26 Comparison with experiment 


The examples studied in the previous chapter will now be used to 
illustrate the results obtained in practice from this theory. 

We consider first the 3.7-in. AA gun. Table 5.1 shows the details of 
the solutions for 0 = 0.15 (the “geometric” value) and @ = 0.3. The 


TABLE 5.1 SOLUTIONS FOR THE 3.7-In. AA Gun, Giving Correct Pm 
MV, TB, 
6 M 8 Zr A ft/sec Error in. 


0.15 1.2333 0.778 0.7903 0.3597 2719 18 45.5 
0.3 1.4379 0.720 0.7556 0.5444 2710 9 54.8 


8 is in (inches per second) per (ton per square inch); W, = 28 lb = W. 


central ballistic parameter M has been chosen to give the right maximum 
pressure; that is, the rate of burning has been chosen empirically. The 
error in the velocity is small. The pressure-time curve for 0 = 0.3 is 
shown in Fig. 5.1. The agreement is slightly better than was obtained 
(Fig. 4.3) from the isothermal model and is reached for a more plausible 
value of @ : 0.3 instead of 0.6. Moreover, the velocity is now correct to 
within 9 ft/sec in spite of there being one fewer arbitrary parameter. 
2 Lorenz, Ballistik, 3d ed. (1935). 


3 Cranz, Innere Ballistik (Berlin, 1926). 
4 Desmaziéres, Mém. artillerie franç., 1 (1922), 19. 
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Breech pressure, tons/sq in. 


Fia. 5.1 Observed pressure-time curve for an AA gun, compared with the Coppock 
solution, with 0 = 0.3 and constants chosen to give correct peak pressure and 
instant of ejection. 


0 5 110 #6 20 28 3 3 4 4 
Travel, calibers 


Fig. 5.2 Pressure and gas temperature (in reduced units) as functions of travel 
in the 3.7-in. AA gun, by the Coppock solution, with W, = W, 0 = 0.3, and rate of 
burning chosen to reproduce the observed peak pressure. 


The pressure-travel and temperature-travel curves are shown in 
Fig. 5.2. The temperature given is actually the reduced temperature T’ 
and is, at each instant, the mean throughout the gas at that time. 
T” is easily calculated from 


T’ = (44) 
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The reduced temperature is initially 1 but falls to about 0.87 at maximum 
pressure and to 0.75 at the end of burning. At shot ejection the mean 
temperature is about 0.55, corresponding, for this cool propellant, to 
about 1350°K. 

In Fig. 5.3 we give the observed and calculated pressure-time curves 
for two charges in a 6-in. naval gun, discussed in § 4.312. 0 was assumed 


Breech pressure, tons/sq in. 


0 3 6 9 12 15 18 21 
Time, msec 


Fig. 5.3 Observed pressure-time relations with two charges in a 6-in. gun, compared 
with Coppock solutions, with 0 = 1, W; = W, and rates of burning chosen to give 
the observed peak pressures. 


to be unity, and the effective shot mass W, was taken to be the same 
as the measured mass W. Table 5.2 shows some details of the solutions. 


TABLE 5.2 SOLUTIONS ror Corp CHARGES IN THE 6-IN. GUN 


Charge, Web, MV, 
Ib in. M B GA zp, in. ft/sec Error 
31 0.150 2.457 0.953 1.3686 249.7 2884 34 
44 0.205 3.454 0.886 1.5181 $ = 0.978 3371 15 
at muzzle 


M chosen to give observed Pm; 6 = 1; Wi = 100 lb; £ is in (inches per second) per 
(ton per square inch). 
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The velocities are reproduced quite well, and if the fit to the pressure- 
time curves is not so good as on the isothermal model (Fig. 4.6), the 
agreement is obtained with one fewer arbitrary constant and could be 
improved by changes in 6 and W,. 

The variation of 8 with the peak pressure is much the same as with 
the isothermal model (see Table 5.2). 

This theory, with W, = W, gives velocities that are usually rather 
too high. The error is, for a given gun, more nearly constant than the 
error from the isothermal solution and is also less dependent on the 
shape of the propellant. The error may attain 3 per cent in a bad case. 


5.27 The effect of heat losses 


This theory takes full account of the specific heat of the gases, which 
enters the equations as (y — 1). Heat loss increases this to 


Fo Ley — 0+ 


where x is the ratio of the heat loss at any time to the kinetic energy 
of shot and gas at that time. In the 3.7-in. AA gun we have used 
x = 0.21, which is perhaps slightly overestimated. Repetition of the 
calculations without heat loss shows that, to give the same peak pressure 
as before, the web size must be increased by 1.8 per cent. The travel 
at “burnt” increases by 2 in., and the velocity rises by 57 ft/sec. Thus 
at constant charge weight and constant pressure, the heat loss lowers the 
muzzle velocity by 57 ft/sec in 2700 ft/sec. 

This is a fairly high heat loss, but would be exceeded if the velocity 
were higher, the caliber less, or the propellant a ‘“‘hotter’’ composition. 
The effect of heat loss on muzzle velocity exceeds 100 ft/sec only for a 
few small antitank guns firing at velocities of about 4000 ft/sec. 


5.3 A theory with a “‘shot-start pressure” 


The ballistic theories discussed in chapter 4 and the preceding part 
of this chapter have represented the effects of resistance to initial motion 
of the shot by a change in the apparent rate of burning. This device is 
usually satisfactory in correlating experimental results, and is reasonably 
consistent; for example, a heavier band does alter the peak pressure in 
the same direction as an increase in the rate of burning. The initial 
resistance is so important in ballistics that it is desirable to investi- 
gate every promising representation of it. By analysis of firing data 
it will be possible to find which model leads to the best fit. This “best 
model” will continue to improve and at any one epoch will not neces- 
sarily be the same for all guns. We have in mind the jacketed shot fired 
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in small arms, which engrave all along the body; these may be expected 
to show a resistance-travel relation quite different from that for a pro- 
jectile with a band of normal width, say a quarter of a caliber. 

The model to be used here may be called the “shot-start pressure” 
model. The shot is assumed not to move until the pressure reaches a 
value Po, of the order of 2 ton/sq in. As soon as this gas pressure is 
reached, the projectile moves forward without resistance. 

This model has been popular in all countries, especially with the 
French and German ballisticians. In England its development is asso- 
ciated chiefly with the names of Colonel F. R. W. Hunt and Brigadier 
G. H. Hinds. Recently a neater approximation to the solution of the 
same equations has been obtained by A. W. Goldie. This is the method 
given in the present chapter. Furthermore, the laborious but very 
necessary analysis of some hundreds of fired rounds has been carried 
out by Goldie, so that we have a good idea of how well this “‘shot-start 
model” accounts for the ballistics of various types of guns. 

The shot-start model, as given here, can be improved by making an 
allowance for resistance, which occurs when the shot is in motion. This 
is most easily done by increasing the effective mass of the projectile, 
which would be an exact correction if the resistance were proportional 
at each instant to the pressure accelerating the shot. In the ballistic 
tables of Charbonnier-Sugot such a correction is made; it is assumed 
that the effective mass is 7 per cent greater than the true mass, and the 
shot-start pressure is taken to be 400 kg/sq cm. 

The shot-start pressure can be found by working back from the ob- 
served peak pressure, provided we know the rate of burning of the 
propellant. If we take this from closed-vessel tests, any speeding up 
by “erosion” in the gun causes an increase in the “shot-start pressure” 
found by working back from the observed pressure. Thus we are led 
to expect that the shot-start pressure ‘“‘observed” for a particular gun 
and composition of propellant will increase with the muzzle velocity 
and that the variation will be greatest for a cool propellant. 

Alternatively we may assume zero shot-start pressure in a worn gun, 
which enables the rate of burning of the propellant to be calculated 
from the observed peak pressure in a worn gun. This process auto- 
matically allows for “cordite erosion,” except for the small change 
in erosion due to the drop of velocity in going from new to worn guns. 
A snag in this otherwise attractive procedure is that allowance must 
be made for leakage past the shot and the increased volume of a 
worn gun. How to do this is explained in chapter 7. The labor involved 
is quite considerable, but it does give fairly reliable corrections for the 
two effects we have just mentioned. Without including these points 
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there is, of course, no assurance that the apparent shot-start pressure 
can be taken to be zero. 

In effect, we are here finding the rate of burning from guns instead of a 
closed vessel. The results for one propellant in various guns should - 
show a correlation with muzzle velocity, with the closed-vessel rate 
corresponding to zero velocity. 

A large number of firings have been analyzed by Goldie with the 
assumptions: neglect of heat loss, uncorrected shot mass, and a single 
rate of burning for a given composition in all shapes and for all guns. 
The shot-start pressures were found to be near 3 tons/sq in. and often 
almost independent of loading conditions. In other cases there was a 
tendency for the shot-start pressure to decrease as the peak pressure 
increased. Of the expected correlations with caliber, weight of band, 
and the like, the only one observed was the increase of Po with increasing 
weight of band on a given projectile in a given gun. The neglect of 
heat loss may have obscured a dependence on caliber, and this and the 
neglect of resistance may have had some effect on the variation of shot- 
start pressure. 

From what we have said, it should be clear that not much physical 
significance can be attached to the “‘shot-start pressures” used by 
various writers. The most that can be claimed for any such value is 
that, after correcting for the effects omitted in the theoretical analysis 
(usually heat loss and resistance after shot start) and examining the 
credentials of the rate of burning, one can arrive at last at a pressure 
that is of the same order as the engraving resistance. Uncorrected 
shot-start pressures tend to range from 2 to 4 tons/sq in., whereas the 
engraving resistance, expressed as an equivalent pressure over the bore 
cross section, is unlikely to exceed 2 tons/sq in. The general tendency 
toward higher apparent resistance is due to the common use of closed- 
vessel rates of burning, which fail to include propellant “erosion.” 


5.31 Assumptions 
(a) The rate of burning is proportional to the pressure. 
(b) The gases have a constant covolume 7, not necessarily equal 
to 1/6. 
(c) The propellant burns under the breech pressure P; that is, the 
propellant stays in the chamber. 
(d) The law of burning away of the propellant is 


eo b= f+ A) 


(e) There is no motion of the shot until the “shot-start pressure” is 
reached. If there is any resistance to motion at later times, the resistance 
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is proportional to pressure and so may be included by a change in the 
effective shot weight. 

(f) We make the conventional assumptions about pressure gradient 
and the constancy of 7. 


5.32 Goldie’s solution 
The equations can be written down at once; they are the same as in 
Coppock’s method. The difference lies only in the initial conditions. 
We have 


@ = (1 —f)(1 + 4) (45) 
. G L 
er tims BP (46) 
W a = AP 47 
( its oe ts (47) 


v| 


1 
APlx +11 — b¢)] + (F — 1) (w, +3 c) 


= CRT o (48) 


where 
( -) a 49) 
SA ( 


See (50) 


and 


We introduce the familiar ballistic parameter: 


C 
A?D? (1 =) 
i 3W, 


M = SS a ae (51) 
2 
W CRT (1 + =~) 
B Wi 0 OW, 

Let suffix 0 denote quantities when the shot-start pressure is attained. 
Po is the breech pressure at that instant, and the pressure at the shot 
base is Po/[1 + (C/2W;)]. It is convenient to call Po the “shot-start 
pressure,” bearing in mind that it is a pressure at the breech. In reality 
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the pressure in the chamber at this epoch does not vary by nearly so 
much as the factor 1 + (C/2W,) suggests, so that our assumptions 
about pressure gradient are physically incorrect here. This in itself 
warns us not to be too dogmatic in saying that P)/[1 + (C/2W,)] 
“ought” to be more constant than Pọ when various charges are fired 
from the same gun. 

Equations 46 and 47 give 


AD(fo — 
n (fo ts ) (52) 
B(W, + 3C) 
equivalent to 
MCRT — f} 
y n MCRTo fo ~I) fas 
Wit 3C 
and equation 48 becomes 
C 
AP (1 — b (1 <) 
a E CEE 
pa Se ee F uE ma — 1)M(fo -P (84) 
orrs(1 + <@) 
oll + OW, 
As in Coppock’s method, we write 
A =0 + 3(¥—1)M (55) 
and introduce two new symbols, 
46140 
SS ETE 5 
ETET 10 
l+») -1 
(1 +») +1 
which are zero if there is no shot-start pressure. Also we write 
lə == 1 — 6 + 26fo (58) 


Equation 54 can now be expressed as 


3W, 


C 
CRT (1 =) 
EE 


= 6 |" fo -5| | =J0 +4] 


arte +10 ao TES 
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which by writing 
ks A(1 — (fo —f) 


(59) 
l> 
becomes 
C 
AP[z + (1 — b¢)] (1 + >) 
3W 
— M - 0-9 (0+) (60) 


For zero shot-start pressure, ¢o/e tends to (1 + @)7/@. 
We need an expression for the travel as a function of the fraction of 
charge burnt. From equations 46 and 47, 


cle + U1 — b¢)] + e 8 OE 2 4 Pee SEE Ee) 


df BP | 
J p (1 — y) (+0 + ee) 
which integrates to 
a+ U1 — bd) = lA(f)[1 — bG(f)] (61) 
where 
log H(f) = us hı (1 (1 3] 62 
E EA EN ATE Wa 
and 
2 ê do a h“ ve | 20u | du 
GN) = +f = = + sf Sara ia 


Position of “burnt.” Let suffix B denote values at “burnt,” f = 0. 
Then 


up = (1 — 9? (64) 
2 


and H(0) can be computed from equation 62 and a set of logarithm 
tables. To calculate the travel from equation 61 we need in addition 
only G(O). This can be obtained from Table 5.3, of which the greater 
part has been taken from Goldie’s work. Table 5.3 lists G(0) and 
dG(0)/d¢y for ġo = 0, so that it covers any reasonable value of ¢o. 
Results for large ġọ are not given accurately, but here the effect of the 
covolume term is small. The table covers values of M from 0 to 4, and 
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linear interpolation causes errors of less than half a unit in the last 
place of G(0). Four of the most important values of @ are listed, 
namely: @ = 0, 0.2, 0.5, and 1; other values of @ can be obtained by 
interpolation. The remaining parameter is 7. The table was computed 
for 7 = 1.25. Since G(0) is multiplied by the covolume term, it is 


TABLE 5.3 G(0), THE CovoLUME TERM IN THE TRAVEL 


For ¥ = 1.25 
=0 8 = 0.2 6=0.5 @é=1]1 

G0) ` G(0) G(0) G(0) 

at dG(0) at dG(0) at dG(0) at dG(0) 
M ¢o =0 doo do =0 do d =0 dpo do =0 doo 
0 1 0 1 0 1 0 1 0 
0.2 0.906 0.43 0.922 0.33 0.940 0.22 0.962 0.13 
0.4 0.822 0.79 0.851 0.61 0.885 0.42 0.927 0.25 
0.6 0.747 1.10 0.787 0.85 0.834 0.60 0.893 0.37 
0.8 0.681 1.35 0.729 1.06 0.787 0.76 0.861 0.47 
1.0 0.622 1.56 0.676 1.23 0.744 0.90 0.830 0.57 
| 0.569 1.73 0.629 1.38 0.704 1.02 0.801 0.66 
1,4 0.522 1.87 0.586 1.51 0.667 1.13 0.774 0.74 
1.6 0.481 1.98 0.547 1.62 0.633 1.22 0.748 0.82 
1.8 0.444 2.07 0.512 1.70 0.601 1.31 0.723 0.89 
2.0 0.411 2.14 0.480 1.77 0.572 1.38 0.700 0.95 
2.2 0.382 2.19 0.451 1.83 0.545 1.44 0.677 1.01 
2.4 0.356 2.22 0.425 1.88 0.520 1.50 0.656 1.07 
2.6 0.332 2.24 0.401 1.92 0.497 1.55 0.636 1.13 
2.8 0.311 2.26 0.380 1.94 0.475 1.59 0.617 1.17 
3.0 0.292 2.27 0.360 1.96 0.455 1.62 0.599 1.21 
3.2 0.275 2.27 0.342 1.98 0.437 1.65 0.581 1.25 
3.4 0.260 2.26 0.325 2.00 0.420 1.68 0.565 1.29 
3.6 0.246 2.26 0.310 2.00 0.404 1.70 0.549 1.33 
3.8 0.233 2.25 0.296 2.00 0.389 1.72 0.534 1.36 
4.0 0.222 2.23 0.283 2.01 0.374 1.74 0.520 1.39 


permissible to use this single value of 7 in all cases. It can be shown 
that for the extreme value 7 = 1.35 the error in G&(0) causes an error 
of at most about 1 in 1000 in the muzzle velocity. This is most easily 
proved for the special case of zero shot-start pressure. 

Calculation of the pressure-space curve up to “burnt.” We take a 
number of values of f from fy to zero, and for each we determine the 
travel from equation 61 and the pressure from equation 60. To evaluate 
the latter we need only u, given by equation 59 and the initial data of 
the problem. To get the travel we calculate H(f) from equation 62 
and the known y; it only remains to find G(f). Goldie suggests that the 
approximation, 
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F 1+8 
(M + 6:)(M + 26;) 


i= lis DM 8 1+ (M/6)) 
x [ma +0) - (HA Dp iA “) 


x [MFU +0) — 2001 — (M+ a) | (65) 


G(f) = ġo 


should be used. This is exact for ¢ọ = 0 and is most in error at f = 0, 
where the error may attain +10 per cent. It is best to start by finding 
the error of equation 65 at f = 0 and to introduce this as a correction 
increasing as f decreases to zero. 

Calculation of muzzle velocity. We have found the travel at “burnt.” 
If this is less than the total travel, the muzzle velocity is calculated 
from the velocity at “burnt” and the usual adiabatic expansion. The 
explicit result is 


ve = | ay + li -la -nmn 2] (66) 
Wi+4C j | g a 
where, as usual, 
2 5 
© = (1 — 7171) (67) 
y¥-1 
with 
ll — b 
Pi ai A (68) 
TBR + (1 = b) 


If the charge is unburnt at the muzzle, we calculate the travel for 
various values of f, interpolating to find f at the muzzle. Then the 
muzzle velocity comes from equation 53. 

Tables for maximum pressure. For a ballistic solution to be useful 
in routine work, the maximum pressure must be expressed as a simple, 
even if not quite exact, formula, or else in an easily used table. The 
former method is exemplified by the simple result of Coppock’s method: 
equations 29 and 30 of § 5.24. In the present theory the use of a set of 
tables is demonstrated. 

We begin by reducing the number of variables that influence the 
maximum pressure. Goldie has shown that an increase of 0.03 in 7 is 
nearly equivalent, in its effect on maximum pressure, to a 1 per cent 
decrease in 8. The tables have therefore been computed for 7 = 1.25 
and are used with the variable: 
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M, = M[1 + 2(5 — 1.25)] (69) 


The errors so caused are of order 1 in 1000 for 7 between 1.2 and 1.3, 
rising a little toward the extreme 7 of about 1.35. 

The dependence on @ has now to be studied. Taking 7 as a constant, 
we have 


e = function of ne and (70) 


0 (1 + 6)? 


from equations 55, 56, and 57. Differentiate equation 60 with respect 
to f, and put dP/df = 0. Let suffix m refer to the epoch of maximum 
pressure. We find 


+ fo(M + 20, — 20) 


Sh) 


which leads to 


ties ee (72) 


21 1 SS  __——— | + Fl 


C 
CRT (1 —) 
o( t OW, 


By equations 70 and 72, 


functi a tc $o 
= function only of —, ———~, 
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From equations 60 and 73, 
0AP {itm + U1 — be (a+ —) 


1 M Opo 


= function only of — , 


C 6 (1 + 6)? 
( ) g 2W, 


bEP (1 + =) 
ë 3W, 


C 
ee 
o( +z) 


and (74) 


From equation 61, 


Em T Ke a bom) 


bEP. (1 +) aU )\CRT (1 + £ ) 
m 3i, m 0 eae 


QW, 
SH) (es ae oe 
CRT, (1 —_ EPa (1 a) 
of t OW, + OW, 


Now, by equations 62 and 73, H(fm) is a function of the same three 
variables as um, whereas, from equation 63, 


CRT (1 ad sz) 
G(fm) 


zp, (1+ 2) 
ra 38W, 


C ~l 
i 3W, 


C 
(1 + 0°CRTo (1 + —_ 


2W 
Opo 6 l 466 | f um | 20u l =) 
A p EE fy ee hi N a 
% G + 6)? $ 6,(1 — e) (1 +8)?] Jo 0ı(1 — e) J H 
Ira 
6EP,, | 1 + — 
3W, Od M 


= function only of a+ orenns(1 +E) , ato? > G? 
"Vr" ow, 
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bEP. (1 + g ) 
Ps 3W, 
and ——— (76) 


C 
crrs(1 +") 
of 1+ OW, 
Returning to equation 75, we see that [£m + I(1 — 6¢,,)]/l is a function 
of only the four variables listed previously; hence, from equation 74, 


C 
OEP m ¢ + =) 


3W, M Opo 


—— = funetion only of —, ——.,, 
(1 + 0)°CRT (1 F sin) ai 
j 2W, 


bEP (1 + =) 
E 3W, 
ad — 


C 
CRT (1 i =) 
i 2W; 
This is a very useful result. It holds only if there is a true maximum. 
If the mathematical maximum occurs for negative fm, the peak pressure 
observed is that at “burnt” and is 


CRT G+) ; DM | 
0 OW, = 2 (¥ — 1)Mfo 
Pp = =Á (77) 


es +10 -= (1 + S) 


with the travel being taken from equation 61. 
The criterion for a true maximum pressure is fm > 0, that is, 


C 
bEP,, (1 -f <) 
1—@ 3W, 
M > a S A (78) 


Ffo ( C ) 
CRT { 1 + —- 
ot ior OW, 


To calculate the true maximum pressure we need only tabulate 


6EP (1+ —) 
ķi 3W, 


(1 +9 CRT (1 + © ) 
5 OW, 
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TABLE 5.4 VALUES OF 


Mi/ a or =0 
0 0.500 
0.125 0. 482 
0.25 0. 467 
16 
0.5 0.444 
10 
0.75 0.427 
1 0.414 
1.25 0. 403 
1.5 0.394 
10 
2 0.381 
2.5 0.371 
3 0.364 
3.5 0.359 
4 0.354 
5 0.347 
6 0.342 
7 0.338 
8 0.335 
9 0.332 
10 0.330 
12 0.327 
14 0.325 
16 0.323 
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(10) 
(15) 


(20) 
(30) 
(35) 
(40) 
(40) 


(50) 
(55) 
(60) 
(65) 
(75) 
(90) 


(100) 
(110) 
(120) 


0.005 


0.500 
0. 484 
0.471 


0.430 
0.440 


29 


0.01 


0.500 
0. 485 
0.474 


14 
0. 457 
8 


0.445 
0. 436 
0.430 
0.427 


0.422 
0,420 
0.419 
0.420 
0.422 


0.429 
0.437 
0.445 
0. 454 
0. 463 
0.473 


0.493 
0.513 
0.533 


(Mi + 26)EPm[1 + (C/3W))] 
(1 + 6)°CRT ofl + (C/2W)] 


46 


DEP mil + (C/3W)] 


CRTA1 + (C/2W)) _ 


0.02 


0.500 
0.488 
0.479 

13 
0. 466 


9 
0.458 


0.454 
0.452 
0.451 


0. 452 
0.456 
0.461 
0. 468 
0.476 8 


0. 493 9 
0.510 9 
0.528 9 
0.547 10 
0.566 11 
0.586 10 


0. 626 10 
0.666 10 
0.706 il 


0.03 


0.500 

0.491 

0. 484 
12 

0.475 


8 
0.471 


0.470 
0.471 
0.473 


0.480 
0.490 
0.501 
0.513 
0.526 


0.554 
0.582 
0. 609 
0. 636 
0. 664 
6. 693 


0.752 
0.811 
0.870 


0.04 


0.500 
0.494 
0. 488 


11 
0.484 


0. 483 
0. 485 
0.489 
0.495 


0.507 
0.522 
0.538 
0.555 
0.573 


0.611 
0. 649 
0. 686 
0.723 
0.760 
0.798 


0.876 
0.954 
1.032 


Differences listed in both directions are sums of adjacent second differences, modified to allow for the effect of fourth 


differences. 


against the three variables mentioned previously. This is done in Tables 
5.4 and 5.5, where to reduce the variation of this function 5 we have 


actually given 


Mı 
(F +2 


OEP (1 + 


mn) 
38W: 


(1 + 0?CRT (1 + ) 
i 2W, 


5 Goldie’s tables are in a form that is more convenient for practical work, and the 
present form was adopted only to give a compact synopsis. 
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TABLE 5.5 Vatues op tt me EP mit + (C/3W1)I por EEr + (C/3W)) = 0.1 
i (1 + 6)°CRT {1 + (C/2W:)) CRT [1 + (C/2Wi)] : 


Odo 


M:/é a+ 0 =0 0.005 0.01 0,02 0.03 0.04 
0 0.550 0.550 0.550 0.550 0.550 0.550 
0. 125 0.534 0.536 0.537 0.540 0.543 0.546 
0.25 0.520 0.524 0.527 0.533 0.538 0.543 
14 13 13 11 10 9 
0.5 0.498 0.506 0.512 0.523 0.533 0.543 
0.75 0.482 s 0.493 s 0.502 0.517 0.531 0.545 
1 0.470 0. 483 0. 494 0.514 0.532 0.549 
1.25 0. 459 0.476 0.489 9 0.513 0.534 0.555 
1.5 0.451 (10) 0.470 0. 486 10 0.513 0.538 0.562 
9 8 
2 0.438 (15) 0. 462 0. 482 13 0.516 0.547 0.578 
2.5 0. 428 (25) 0. 457 8 0, 481 15 0.521 0.559 0.595 
3 0.421 (35) 0.455 10 0. 481 16 0.528 0.572 0.614 
3.5 0.416 (40) 0. 454 ll 0. 482 16 0.536 0.586 0. 634 
4 0.411 (40) 0. 453 12 0.486 18 0.545 0.602 0. 655 
5 0.404 (45) 0.455 15 0.493 19 0.564 0. 634 0.697 
6 0.399 (50) 0.457 16 0.502 22 0.585 8 0. 666 0.740 
7 0.395 (60) 0.460 16 0.513 27 0.608 9 0.699 0.785 
8 0.392 (70) 0. 465 18 0.524 31 0. 631 10 0.732 0.829 
9 0.389 (80) 0.470 20 0.535 34 0. 653 10 0.765 0.873 
10 0.387 (90) 0.475 22 0.546 36 0. 676 11 © 0.799 0.918 
12 0.384 (100) 0.486 24 0.568 39 0.721 12 0. 866 1.007 
14 0.382 (110) 0.497 26 0.591 43 0. 766 11 0.932 1,096 
16 0.380 (120) 0.509 30 0.614 46 0.811 11 0.999 1.185 


Differences listed in both directions are the sums of adjacent second differences, modified to include the effect of fourth 
differences, 


M,,/@ goes from 0 to 16, which covers all practical cases. 0¢9/(1 + 6)? 
covers the range 0 to 0.04, so that for all @ the range of o goes up to 
at least 0.16. For Po of 3 tons/sq in. or less, this range of 6¢9/(1 + 6)? 
is sufficient for all but cord charges at densities of loading below 0.25 
g/cc. 

The differences listed are the sums of adjacent second differences, 
modified by a “throwback” to include fourth differences; if a function 
f(a + nh) is to be calculated from f(a), f(a + h) and a printed difference 
D of this type, then 


f(a + mh) = nf(a + h) + (1 — n)f(a) + DB” (n) 
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TABLE 5.6 VALUES OF 


Mı 
0 


0.1 
0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 
1.1 
1,2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 
2.2 
2.4 
2.6 ° 
2.8 


3.2 
3.6 
4.0 


Differences listed in both directions are the sums of adjacent second differences. 


do =0 


1.000 
21 

0.893 (10) 
20 

0.796 (16) 
18 


0.709 (20) 


(40) 
10 


0.387 (40) 


0.344 (40) 
(40) 
(40) 
(40) 
(40) 
(40) 
(40) 
(35) 
(35) 
(35) 
(35) 
(30) 
(30) 
(30) 
(30) 
(30) 
0.097 (30) 
0.086 (30) 


0.077 (30) 
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0.025 
1.000 


0.905 
15 


0.538 15 


0.482 14 
9 
0.432 15 


0.388 13 0.422 2 


12 
0.354 14 
10 
0.325 13 
8 
0.301 13 
0.280 12 
0.263 13 
0.248 13 
0.235 13 
0.223 13 
0.213 13 
0.203 12 
0.194 1l 
0.180 1i 
0.168 11 
0.157 10 
0.148 10 
8 
0.134 10 
0.123 10 


0.113 9 


0.05 

1.000 

0.913 9 
0.832 16 
0.757 20 
0.689 24 
0.626 27 

10 

0.568 27 


9 
0.515 27 


14 
0.386 22 

12 
0.357 21 

8 
0.333 21 
0.312 21 
0.294 20 
0.279 19 
0.265 18 
0.253 19 
0.243 19 
0.233 18 


0.224 17 


0.209 17 ` 


0.197 17 
0.186 16 
0.177 15 
8 
0.162 15 
0.150 14 
0.140 13 


EP,,[1 + (C/3W1:)] iin 
CRT [1 + (C/2W))} 


0.1 
1.000 


0.925 
0. 855 


0. 203 
0. 193 


0.15 
1.000 


0.936 
0.875 
0.818 
0.764 
0.713 
0. 665 
0.620 
0.577 


am 
10.536 


12 
0.470 
8 


0.445 
0. 423 
0.404 
0.388 
0.374 
0.361 
0.350 
0.340 
0.331 
0.315 
0.302 
0.291 
0.281 
8 
0. 265 
0. 253 
0. 243 


6 = 0 


0.500 


0.2 
1.000 


0.944 
0.891 
0.841 
0.793 
0.747 
0.704 
0. 663 
0. 623 
0.585 


_ bEP,[1 + (C/3W1)} e 
” CRT{1 + (C/2W1)] 


0.25 
1.000 


0.952 
0.905 
0.861 
0.818 
0.777 
0.738 
0.701 


0. 666 . 


0. 631 


0.597 


0.572 
0.547 
0.525 
0.506 
0.490 
0.475 
0.462 
0.450 


0 


0.3 
1.000 


0.958 
0.917 
0.878 
0. 840 


TABLE 5.7 VALUES OF 


3.2 
3.6 
4.0 


oo = 0 


1.100 
22 
0.988 (10) 
20 
0.887 (18) 
18 
0.795 (25) 
18 
0.712 (30) 
16 
0. 638 


0.571 
12 
0.510 (40) 
11 


0.455 (40) 


0.407 (40) 

16 
0.366 
0.333 
0.305 
0. 282 
0.262 
0.244 
0.229 
0.215 
0.203 
0. 193 
0. 183 
0. 166 
0. 153 
0.141 
0,131 

10 
0.114 (30) 
0.102 (30) 


0.092 (30) 
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EP,,(1 + C/3W1) 


CRTo(1 + C/2W3) 


0.025 
1. 100 
1.000 

16 
0.909 9 


0.825 Ii 


10 
0.155 11 


0.142 10 
0.131 9 


0.05 
1.100 


1.009 9 
0.925 16 


10 
0.187 15 


0.173 13 
0.162 13 


0.10 


1.100 
1.022 
0.950 
0.883 10 
0.820 12 


0.761 13 


10 
0.247 


0.232 
0.221 


R0 =0 


0.15 
1. 100 


1.034 
0.972 
0.913 
0.857 


10 
0.305 


0.290 
0.278 


Differences listed in both directions are sums of adjacent second differences. 


_bEP»(1 + C/3W1) 
’ CRT9(1 + C/2W;) 


0.20 
1.100 


0.25 
1,100 
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where B’’(n) is the second Bessel interpolation coefficient, 
B" (n) = n(n — 1) 


A small table of B” (n) is given in Appendix C, where reference is also 
made to tables of higher accuracy. Results interpolated in this way 
in Tables 5.4 and 5.5 will be in error by at most half a unit in the last 
place given, if the value of B” is exact; if the table in Appendix C is 
used, the error may be doubled. Where no differences are given, linear 
interpolation is sufficient. 

bEP,,[1 + (C/3W;)] 


CRT {1 + (C/2W)] ’ 
are given with this parameter equal to 0 and 0.1. Its value is scarcely 
ever greater than 0.15. Goldie has shown that the maximum error in 
P,, caused by linear interpolation and extrapolation in this variable is 
1 per cent, but this occurs only for a coincidence of three unfavorable 
factors; the average error is more nearly 1 in 1000. 

Tables 5.4 and 5.5 give no information about the case @ = 0, for which 
Tables 5.6 and 5.7 have to be used. They should be interpolated in the 
same way as the previous tables. Note the dotted boundary across 
Tables 5.6 and 5.7, showing the approximate position where the maxi- 
mum pressure changes from a true maximum to a peak at “burnt.” 
The location of the boundary can be calculated accurately from equation 
78. The only inconvenience caused by the boundary arises when we 
cross the boundary during an interpolation. The error that can arise 
if no allowance at all is made during interpolation is only a few parts 
per thousand, and it is easy to estimate an approximate correction. 


To include the dependence on separate tables 


5.33 Ballistic effects of a shot-start pressure 


The shot-start pressure prevents at first the motion of the shot in a 
way that is plausible, in the light of our knowledge of initial resistance. 
Once the shot-start pressure has been attained, the theoretical process 
diverges considerably from the practical behavior. In the first place, 
no work is done against the theoretical resistance, whereas a finite 
amount is done against the true resisting force. Now if we suppose that 
the resistance is equivalent to 1 ton/sq in. opposing pressure and acts for 
only half a caliber, whereas the mean gas pressure during the travel of, 
say, 40 calibers is about 10 ton/sq in., then the work done against initial 
resistance is only 0.1 per cent of the final energy of the shot. The 
neglect of this work in the “‘shot-start pressure” model is therefore 
sometimes reasonable. As the other extreme we may note that a 
nearly constant resistance all down the barrel would produce effects 
that would be hard to simulate by a shot-start pressure unless this were 
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varied with the charge. There is evidence that, in fact, the resistance 
sometimes falls relatively slowly with travel, and this is probably why 
in certain guns the ‘‘shot-start pressure” deduced from the fired ballistics 
often shows a variation with peak pressure. 

A second weakness of the “‘shot-start pressure” model is that the 
motion starts with a finite acceleration, whereas in practice the accelera- 
tion must increase continuously from zero. It is clear that the true 
effect of engraving on initial motion (and hence on peak pressure) is 
only partly simulated by a shot-start pressure. 

The value of the “shot-start pressure” model is therefore a matter 
for practical trial. It is often very good, especially if energy losses are 
taken into account by raising the effective shot weight by a few per 
cent. In this section we shall examine the ballistic effects of the shot- 
start pressure and shall show where they differ from those obtained by a 
simple modification of the rate of burning. 

As an example we take the 3.7-in. AA gun discussed in connection 
with Coppock’s method (§ 5.26). The data are the same as before, 
and some typical results, computed from Goldie’s tables, are shown in 
Table 5.8.7 It may be seen that in this case a shot-start pressure of 


TABLE 5.8 SOLUTIONS FOR THE 3.7-IN. AA GUN, FROM GOLDIE’s TABLES 


All give the correct peak pressure of 21.4 tons/sq in. 


Shot-start 
pressure, 8, (in./sec) per MV, Wi, 
tons/sq in. (ton/sq in.) ft/sec 8 lb 
0 0.722 2715 0.3 28 
2 0.660 2711 0.3 28 
0 0.660 2790 0.71 28 
0 0.660 2456 0.3 34.9 


2 tons/sq in. produces the same effect on the peak pressure as an increase 
of 9 per cent in the rate of burning 8. The velocities then differ by only 
4 ft/sec. It is possible to reproduce the effect of the shot-start pressure 
on the peak pressure by altering other ballistic data, such as 0 and W1, 
but Table 5.8 shows how badly these changes reproduce the muzzle 
velocity. It is this kind of comparison with the shot-start pressure 


6 As is done in the Charbonnier-Sugot tables, for example. 

7 The first solution of Table 5.8 refers to the same data as the second solution of 
Table 5.1. The values of 8 to give the same Pm are 0.722 and 0.720, respectively, 
and the velocities differ by 5 ft/sec. These small differences arise from the neglect of 
higher-order terms in the Coppock solution and various approximations noted when 
discussing the Goldie tables. In ballistic analysis with either method alone the 
change in the error between different solutions would be smaller. 
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model, as well as analysis of gun firings, that justifies (in most cases) 
the representation of initial resistance by a change in the rate of burning. 

In general, if there is no other change in the conditions, a shot-start 
pressure always raises the peak pressure Pm, the relation being linear for 
small Py. The muzzle velocity increases, the position of “burnt” moves 
toward the breech, and there is a trivial change in the position of the 
shot at the moment of peak pressure. These are the effects produced in 
practice by the small round-to-round variations in the shot-start 
pressure. Quite different results arise when we deliberately alter the 
shot-start pressure in search of an optimum, because then for the sake 
of the gun we must also change the web size to keep the peak pressure 
constant. For such combined changes of shot-start pressure and web 
thickness, the effect depends chiefly on the density of loading. At small 
densities of loading, say 0.4 g/cc, the muzzle velocity increases slightly 
as Po increases and falls off sharply when Pp approaches Pm. At high 
densities of loading, around 0.8 g/ec, the muzzle velocity decreases 
slightly as Po increases from zero, the decline becoming more rapid at 
large Po. At the same time, “burnt” occurs later in the travel, while 
the movements of the position of peak pressure are very small, and, in 
fact, both signs are found. 

These conclusions about the effects of really large shot-start pressures 
were derived by mechanical integration on a differential analyzer 
(§ 5.6), since the existing tables, such as Tables 5.4 to 5.7, cover only 
the much smaller range of shot-start pressures that occur in conventional 
practice. The results themselves show that there is little reason to 
extend the existing tables. ; 


5.4 Rate of burning not proportional to pressure 

In all ballistic solutions given earlier in this book it has been assumed . 
that the rate of burning of the propellant is proportional to the pressure. 
This is not far from the truth for present-day propellants at gun pres- 
sures, though a better law would be 


Rate = (P + Pı) 


with P a positive constant. No ballistic theory has yet used this law. 
Another relation which has been used, is 


Rate = BP* (79) 


where a usually lies between 0.8 and 1. A more complete discussion of 
the rate of burning is given in § 2.37. Here we shall discuss equation 79 
with a = 1, to show how this alters the interior ballistics. 
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Liouville è studied ballistic theory with equation 79, obtaining com- 
plicated expressions, which found no practical application. Later Char- 
bonnier ® gave some approximate results to show the general nature of 
the effect. Numerical methods have often been used with @ not unity; 
Centervall used a = 0.9, Bennett’s tables " were computed for a = 34, 
and Roggla !? used a = 0.7. The analytical solution of the general 
equation, without resistance to motion, and with n = 1/6, has been 
studied by Clemmow," who has reduced the problem to certain standard 
forms of nonlinear differential equations and has obtained series expan- 
sions of the appropriate solutions. Dr. Clemmow has also computed 
the functions by numerical integration for the isothermal model for all 
form functions, 


@= (1 —f)(l + &) 


with 0 from 0 to 1, though of his tables only that for (a = %, @ = 0) 
has been published. 

In this section we shall show how these theories have led to a useful 
formula for the peak pressure, and shall give tables of certain associated 
functions, due to Clemmow; the other ballistic effects, such as the effect 
on the muzzle velocity, are not so easily written explicitly, and we shall 
merely describe the qualitative effects of varying a, as found by using 
Clemmow’s tables or by numerical integration. 

We consider propellant burning as if it had constant burning surface, 
so that 

G=l—J (80) 


We use the isothermal approximation, with mean force constant \ 
during the period of burning; with n = 1/6 we have 


Chai 1 + — 
° ( +5) 
PA(z+2) = Je ca a (81) 
eo pata: 
G+ 55) 
where 
C 
Al= U — F (82) 


8 Liouville, Mém. poudres, 8 (1895), 25. 

* Charbonnier, Ballistique intérieure (Paris, 1908), p. 308. 

10 Centervall, Internal Ballistics (Stockholm, 1902). 

u Bennett, ODD 2039 (1922). 

2 Réggla, Mitt. Gegenstände d. Artill. u. Geniewesens, 45 (1914), 1, 149; Neue 
Diagramme fur die angewandte innere Ballistik (Pilsen, 1931); see also § 6.12. 

13 Clemmow, Phil. Trans. Roy. Soc. (London), 227A (1928), 345; 231 (1933), 263. 
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which is the initial air space behind the projectile. Also 


(w S c) Fe Ap 83 
ta Ja 88) 
and 
pu = —BP* (84) 
dt 
B°W C7? 


1/(3—2a) 
We note that ( ) has the dimensions of a pressure. 


A’ ID? 
This suggests that we should write 
C \371/8-2@) 
2W iC"? (1 | 
B“ Wi E OW, 
C 2 
AID? (1 + <) 
3W 


1 


P) = g(t) (85) 


where g(t) is a numerical function, which may depend on such quantities 
as œa and C/W,. We find that by writing also 


C 37 —a)/(3—2a) C 
D BWI ¢ + | Al (1 + =~) 


2W, 3W, 
t= — |§ —— —————; (86) 
P| asp? (1 $ <) On (1 P3 —_ 
3W, l 2W; 
C 3 P C 371/(3—2a) 
Al{ 1 + — WiC (1 5) 
( +a) ae ( tzw, 
SSS ee ae ET: T (87) 
Chr (1 + =) A31D? (1 -~ =) 
2W, 3W, 
and 
a= lg (88) 
that equations 81 to 84 become 
$ = (1+ £)g (89) 
Gh (90) 
i 4 
and 
d’t 
E o (91) 
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with the initial conditions § = 0, d/dr = 0, $ = 0,g = 0. Hence the 
maximum value of g is a function only of a, which we may write as 


G(a), arriving at C \371/@—2a) 
BWIN ¢ + =) 


Pa = G(a) ae (92) 


If the variations of gas temperature during the firing are taken into 
account, G becomes a function of y also. The result (equation 92) was 
first obtained by Gossot and Liouville, who, in effect, found a for 
French propellant by fitting equation 92 to a set of observed pressures. 
They decided that a = 24. The unknown factor G(24) was determined 
in the same process of fitting. Réggla™ did the same, arriving at 
a = 0.7.6 The first systematic attack on the set of equations 89 
through 91 was made by Clemmow,"” who integrated them by series 
expansions and numerical integration (for y = 1). Only his solution 
for a = 1% was published, apart from the table of G(a) from which we 
have extracted Table 5.9. 


TABLE 5.9 THe CLemMow FACTOR 


For the isothermal equations with 0 = 0, 7» = 1/8, and no resistance. Maximum 
error from linear interpolation with respect to a is 1 in 500 


a Ga) a G(a) a G(a) 
0 0.993 0.5 0.824 0.8 0.605 
0.1 0.966 0.55 0.796 0.85 0.553 
0.2 0.939 0.6 0.766 0.9 0.497 
0.3 0.908 0.65 0.732 0.95 0.435 
0.4 0.870 0.7 0.693 1.0 0.368 
0.45 0.848 0.75 0.651 


For a = 1 we have the result already given as equation 24A of chapter 
4, which shows that G(1) = 1/e. 

Peak pressure occurs at a value of @ which depends only on a, say 
mla). Then by equation 87 the peak pressure (equation 92) is attained 
only if 


1 Gossot and Liouville, Mém. poudres, 13 (1905), 1. 

16 Roggla, Mitt. Gegenstände d. Artill. u. Geniewesens, 45 (1914), 1, 149. 

16 It has been pointed out by Desmaziéres, Mém. artillerie franç., 3 (1924), 1009, 
that Réggla fitted this formula to firings with small plates ef propellant, although it 
refers to 6 = 0. Allowing for the degressivity of the propellant shape, a would be 
much closer to unity. This illustrates our remark in chapter 3 that effects due to 
changes of «æ and @ are not easily distinguished in practice. 

17 Clemmow, Phil. Trans. Roy. Soc. (London), 227A (1928), 345. 
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C \341/(8—-2a) 
a) 1 


Al (1 — —_ BWIN (1 + 
3W 


. =< 
on (1 i C ) 431p? (1 J C ) — By, (a) 
2W, 3W, 


(93) 


If this is not satisfied, the peak pressure occurs at “burnt,” that is, at 
@ = 1. The peak pressure is then 


C \371/(—2a) 
i) 


AID? ¢ $ Z 
3W, 


BPW Cr? (1 4 
(94) 


m = Im 


where gm is now a function of the expression on the left of equation 93 
as well as of a. To cover all possible cases one would have to give the 
Clemmow tables of the complete solutions. 

A useful form of the Clemmow factor has been derived by Pike. Let 
8, be the rate to be used with a linear law, to give the same peak pressure 
as equation 92. Then since G(1) = 1/e, 


BiPm 
BPm” 


= e”[G(a)]** = K(a), say (95) 


provided peak pressure occurs before ‘‘burnt” in both solutions. Hence 
to get the right pressure from a linear law, one should choose the param- 
eter 8, to give the true rate of burning at a pressure 


Pal Kl et? 
Table 5.10 gives values of the Pike factors K(a) and [K(œ)] 71979 


TABLE 5.10 Tue PIKE FACTORS (FOR y = 1, ZERO RESISTANCE, AND 9 = 1/8) 


Maximum Error by Linear Interpolation 1 per cent in [K(a)]~“@-® and 0.1 
per cent in K(a) ` 


a [K(a)] 70-9 K(a) 
0.5 0.542 1.358 
0.6 0.522 1.297 
0.7 0.501 1.230 
0.8 0.478 1.159 
0.85 0.464 1.122 
0.9 0.449 1.084 
0.95 0.430 1.043 
1.0 0.368 1 
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The latter varies only slowly with a, and for most propellants a value 
of 0.45 may be assumed as a rough guide in converting closed-vessel 
results for ballistic calculations with a linear rate of burning. Thus, if 
the peak pressure is to be 20 tons/sq in. (copper) in the gun, the rates 
should be adjusted at about 12 tons/sq in. (piezo) on the closed-vessel 
record. 

Until now we have assumed that 0 = 0, that is, 


e=1-f 


The more general case 
= 0 -f) +H) 


with 0 #0 leads to one more parameter in the expression for the 
pressure. It is easy to show by the methods émployed previously that 


or(1 + iz) (1 + 8)? 


ee a (96) 
4Al@ (1 L) 
+ 3W, 


where gm’ is a function only of œ and of 


2W; 1 


A D (1 + a) a(t + an) (1 + 6)? 
3, 2W, 


The significance of this parameter may be seen by taking a = 1, when 
the parameter appears as 0/ M, where M is the central ballistic parameter 
of the simple theory of chapter 4. 

We may write the parameter in equation 97 as 


C 2 
0B?CA (1 x) 
p C Wi a 2W ( 2 


C P 
A? D? q Z) ià 
+ 3w, 


A C 2 C 2(1—a) 
e8 CAW: 11+ — 46Al — 

ii (1+; T ) ( + Ww ) 
Se Se (97) 


66°CAW [1 + (C/2W,)]? 
A'D? + (C/3W1) Pm? ** 
Suppose we compare two solutions, which both have a true peak pres- 
sure and which differ only in that one has a = 1 and a rate 6,, chosen 
to give the same peak pressure as in the other solution. Then g,,’ is 


so that gm is a function only of œ and 
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0B: CAW [1 C/2W)? 
the same in both solutions, and so cc ada al EE a a func- 


AD? + (C/3W;)] 
2 2 
E Lea CUE ae eta Ca , that is, 8) P,,'~*/6 is a 
A?D*{1 + (C/3W4) Pm? 
function only of a. Thus, the function K(a), already defined for @ = 0 
as 6, P,,'—*/8, is in fact independent of the form factor @. 

So far the isothermal approximation has been assumed. This is 
equivalent to writing ¥ = 1 in the Résal equation. For a more general 7, 
there is one more essential parameter in the ballistic equations, and 
8,P,,'—*/B8 becomes a function of 7. Although this case can be discussed 
by the methods used previously, it is convenient to defer the matter 
until the next chapter, where we shall deal with the similarity rules of 
interior ballistics in more detail. The treatment given previously will 
then appear as a special and simple case. 

By going from 7 = 1 to a more representative value, say, 1.3, changes 
in ¥ from 1.3 alter K(a) by an extremely small amount, at any rate for 
the practical values of a, between 0.8 and 1. Dr. Pike has indeed shown 
that the expansion of K(a) in powers of (¥ — 1) starts with a term de- 
pending only on a, followed by a term proportional to (7 — 1)(1 — a). 

Resistance to motion alters K(a) slightly. It can be shown that 
Bi P,'~*/B then depends on Po/Pm, if a shot-start pressure Po is used 
to simulate initial resistance. In unpublished work, Crank and Wood 
have evaluated the effect of a shot-start pressure of 0.1P,,; they solved 
the equations numerically on a differential analyzer. Table 5.11 has 


tion only of a and 


TABLE 5.11 A Workine TABLE or Pike’s Facror K(a) = BiPm! 9/8 


For n = 1/8, and any 6; Po = shot-start pressure 


¥= 1.3 a 

a Po =0 Po = 0.1P 5 Po = 
0.65 1.249 1.186 1.264 
0.7 1.217 1.160 1.230 
0.75 1.184 1,182 1,195 
0.8 1.150 1.107 1.159 
0.85 1.114 1.081 1.122 
0.9 1.078 1.055 1.084 
0.95 1.041 1.028 1.043 

1.0 1.0 1.0 1.0 


been prepared from results of Clemmow, Crank and Wood, and the 
writer, and it gives K(a) for ¥ = 1.3 and two values of the shot-start 
pressure, and for ¥ = 1 with Pp = 0. From this table 6,P,,'—*/8 can 
be estimated for any a and shot-start pressure, to ample accuracy for 
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practical use. The values in this table refer to n — (1/5) = 0, but the 
covolume effect !8 on K(a) is small. 

The effect of a on the muzzle velocity is not so easily given an explicit 
form, though it is easily calculated in any specific example by using 
Dr. Clemmow’s tables. As a decreases from unity, the muzzle velocity 
rises; we are supposing, of course, that £ is being altered to hold the peak 
pressure constant. This change of muzzle velocity is consistent with 
the movement of the travel at which peak pressure occurs. Dr. Clem- 
mow has shown that this travel becomes less as a decreases from unity; 
hence ¢, the fraction burnt, is less at peak pressure, and the charge is 
therefore a slower-burning type with a bigger piezometric efficiency 
and so a higher muzzle velocity. The changes are nevertheless very 
small and vary a good deal from one example to another. 

Other burning laws with rate not proportional to pressure have been 
studied. A rate proportional to the gas density was examined by Crow 
and Grimshaw ' and Wadley (unpublished), who obtained series expan- 
sions in terms of a perturbation parameter. The same type of analytical 
method was used by Desmaziéres,” for the form, 


BP 


Se (98) 
1 + wi (P) + whel P) ++ 


Rate 


as a perturbation on a basic solution, which included Résal and covolume 
terms but neglected resistance: in fact, a basic solution very similar 
to the Coppock solution (§ 5.2). 


5.5 The ballistic effects of bore resistance 7! 

The effects produced by the resistance during the engraving of the 
band have been discussed earlier in this chapter, the “shot-start pres- 
sure” being used as a simple model for the process. In the following 
sections we shall discuss the effects caused by the resistance that occurs 
after the engraving of the band and appears to persist for a large part 
of the travel of the shot. Evidence for such a resistance has accumulated 
from many directions; much of this evidence is only qualitative, though 
its bulk and its general consistency are impressive. The fitting of 
theoretical ballistics to observed results often leaves a discrepancy 
which could be attributed to a mean resistance equivalent to a pressure 
in the neighborhood of 1 ton/sq in. It is true that in many cases one 


18 See also example 3 at the end of this chapter. 

19 Crow and Grimshaw, Phil. Mag., 16 (1933), 529, 729. 

2 Desmaziéres, Mém. artillerie franç., 1 (1922), 19. 

1 Corner, Quart. J. Mech. and Applied Maths., II (1949), 232. 
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might reduce the discrepancy by altering the details of the theory or by 
postulating small errors in some of the data assumed; however, such 
ad hoc manipulations are, in bulk, less plausible than the idea of a bore 
resistance. From the experimental side, the radial strain recorded in 
the barrel is sufficient to indicate an appreciable axial resistance, even 
when the coefficient of friction has fallen as low as 0.01. A resistance 
is also indicated when attempts are made to correlate measured space- 
time curves with pressure-time curves recorded at gages spaced along 
the barrel. 

It can be taken, then, that in many cases a substantial resistance does 
persist over a large part of the travel. It is desirable to investigate 
theoretically the ballistic consequences. Here we study the effect on 
the muzzle velocity. The changes in the peak pressure can be deduced 
by similar methods. The line followed is the choice of a standard form 
of resistance, the determination of its ballistic effects, and the construc- 
tion of more realistic resistance laws by superposition of standard forms 
suitably spaced along the travel. 

The reader can no doubt think of analogous methods in other subjects. 
In exterior ballistics, for example, the change in range due to perturba- 
tions such as head wind, which occur with varying strength at different 
heights, are obtained by integration over the actual distribution of wind, 
weighted by a factor that represents the effect of unit wind concentrated 
along unit length of the trajectory. This “weighting factor” for the 
effect of head wind on range is a function of position along the trajectory 
and is one of a series of analogous weighting factors that are computed 
from a set of equations adjoint to the primary ballistic equations. 

In operational methods for sets of linear differential equations we 
find a similar practice. The behavior of the system is investigated for a 
standard impressed force, the Heaviside unit function. The response 
to a force varying in any way with time is obtained by splitting this 
force into a sum or integral of unit functions suitably spaced in time. 
The response to the complex force is, by the linearity of the system, 
equal to the sum of the responses to the individual unit functions. Since 
our system of ballistic equations is not linear, it cannot be taken for 
granted that the ballistic effects of a set of our “unit bore resistances” 
can be superposed; that the error involved is small has to be verified. 
There is one similarity between our “unit resistance” and the “Heaviside 
unit function” that should be pointed out: the usefulness of the latter 
is in no way impaired by its artificial character (for it is an idealization 
that can be approached but not attained in practice); likewise, we are 
free to take a very idealized standard bore resistance, so long as by 
superposition we can construct any bore resistance likely in practice. 
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As standard bore resistance we take a force AP», constant over a 
short travel Ax near the point zo, and zero force at all other shot posi- 
tions. The effect on the ballistics can be calculated, to the first order 
in Po Az, by subtracting an energy AP» Az from the kinetic energy of 
the projectile as it passes through the point.z9. The ballistic equations 
from the point z onward are exactly the same as before, except for a 
perturbing term linear in Po Ar. If the ballistic system is a simple one 
this perturbation can be integrated exactly. If not, numerical integra- 
tion would be necessary, in which case it would probably be quicker to 
abandon weighting factors altogether. 

We are led to consider to which ballistic system this method should 
be applied. As we have just seen, it must give an analytical solution, 
the simpler the better. A second point can be realized by taking the 
resistance of length Az to occur at shot start. Then if Po is finite there 
is a finite change of muzzle velocity, even if Az tends to zero. The 
weighting factor which multiplies Pp Ax must therefore tend to infinity 
as zo moves toward shot start. Hence the weighting-factor method fails 
to represent initial resistance at all, and must become increasingly 
inaccurate as the position of the resistance approaches shot start. It 
is therefore immaterial whether the basic equations, before the addition 
of the bore-resistance terms, are a good or a bad representation of initial 
resistance. 

We use as our basic system Coppock’s solution (§ 5.2), omitting also 
the covolume terms. These complicate the weighting factor and, being 
only a correction to a correction, probably have a negligible effect on 
the relation between bore resistance and velocity. When covolume 
terms are omitted, the solution becomes one known in the literature 
from early times. 

In the next section we derive the analytical weighting factors for this 
solution. Then we describe some tests to check the validity of first- 
order theory, the linearity approximation, the error near shot start, 
and the error due to the omission of covolume. 


5.51 Disturbance of muzzle velocity by the standard bore 
resistance 


We use the equations of § 5.22 with, in addition, b = 0, that is, 
n = 1/5. Let suffix zero denote quantities at the moment the bore 
resistance acts; no confusion need be feared with the “force” RTp. 
The bore resistance acts for a time Az/ Vo, which is assumed to be infin- 
itesimal. The only immediate result is therefore a decrease of the 
kinetic energy of the shot by AP) Az. Take first the case where the 
resistance occurs before “burnt.” For travels less than x», the solution 
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is the normal solution of the equations of § 5.22. For travel greater than 
zo, only the energy equation 9 needs alteration, but there has also been 
an instantaneous drop in the velocity V. 

Before going on, we note two limitations of this method, which occur 
even for a truly infinitesimal Az. First, if Vp is zero then Az/Vpo is not 
infinitesimal; hence initial resistance cannot be represented by this 
model. Second, if the kinetic energy of the shot when it meets the resist- 
ance is less than AP» Az, the method breaks down, for it gives the 
projectile an imaginary velocity after crossing the resistance. In prac- 
tice, the projectile would come to rest and would restart after the pres- 
sure had built up behind the shot, which would take a finite time. This 
is again a matter of Ar/Vpo being finite. 

Just before reaching the resistance, the kinetic energy of the charge 
and projectile is 144(W, + 14C)Vo?; immediately afterwards it is 
(W, + 14C)V,? — AP, Ax. The instantaneous drop of velocity of the 
projectile is transmitted through the gas with a finite velocity, namely ao, 
the velocity of sound in the propellant gases, and the time taken for 
the waves to settle down is of the order of (2/a9)(U/A + a). This is 
comparable with the time scale of the whole ballistic phenomenon. We 
approximate to this delayed redistribution of energy by assuming that 
the process is immediate, so that the total kinetic energy is at all times 
14(W, + 144C)V?, where V is the velocity. Other extreme’assumptions 
can be shown to make very little difference to the final results, except 
when C/W, approaches unity; in such a case, however, the conventional 
Lagrange correction is itself seriously in error. 

Let the velocity of the shot just after the resistance be V;. Then 


1(W1 + 4C)Vi? = 4(Wi + $O) Vo? — APs Ar (99) 


Equations 7, 8, and 10 of § 5.22 are unaltered. Equation 4 of § 5.1 is 
replaced by 


5 —1 I Ap 
¢(1 — T) = (m + 3 c) = + AP» a2 | (100) 


CRT 9 
From equations 8 and 10, 
Pay fee (101) 
Sy oe eae ba EA 
B(W, + $C) 


so that equation 100 becomes 
CRT .¢(1 — T” 1 1 
CETA = APAs +3(Wi +50) 
oe 2 3 
AD(fo — ay 2ADV1(fo 2] 


x |v? + | 
* | (ew, + 40) B(W, +40) 
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1 1 AD(fo — 2 
-5(m +50) [ve + [ne 
(m+ EAE 


2 3 
2ADV (fo 2] 
E = pee 102 
B(W, + $C) oe 


Combining equations 5 of § 5.1 and 102 gives 
CRTo¢ = 3(7 — 1)(Wi + 3C) 


AD(fo — f)}? 2ADVi(fo —f) 
rs inp tm 
| ii B(W, + 3C) (Wi + 3C) 


103 
W,+4C ey 


Up to this point the equations have been exact; at least they have been 


exact transcriptions of our physical assumptions. We now keep only 
first-order terms in equations 99, 101, and 103: 


AP», Ax 
i (Wi + 4C)Vo 
y= ADO — f) _ AP» Az 
BW, +O (Wi+4C)Vo 
CRT o¢ = 4(7 — 1)(Wi + 4C) 
(ee a es al 
la(Wi+4c)) (Wi +40) — fo) 
AP(x + 1)(W, + 3C) 
Wi+3C 


The latter can be written as 


VY, = (99A) 


(101A) 


(103A) 


sa 7 2 _ YF ~ DAP Ar(fo = f) 
tf +WeS 9=DELH=H CRT (1 — fo) 
Y o Motan Oe 


-Ma+)(1- Lars CRT (1 — fo) dz 


leading to 
Z+ Me += 
OU" de 


AP» Az 
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“aa een Le te @-Df-N| coy 


218 More Advanced Ballistic Methods 


where 
Z=1-37-1)M+4f (105) 


= 6+ 3(¥ — 1)M (106) 
Equation 104 shows the first-order effect of the resistance on the equa- 
tion, 
f 


Za 0 (107) 
oor 


Z+M(rz+JD 
used in § 5.22 when b = 0, and we shall obtain a solution correct to 
terms of order Pp Az if we use equation 107 on the right of equation 104. 
This gives 

df APo Ax Z 
J+ 7 - Do - 1) 


and so 


f= A S4 APo Ax 
atl Z CRT — fo) 


W jpg SA 
x las + (7 -—1)M ZAA | (108) 


The lower limit in these integrals is the point, suffix zero, at which the 
resistance occurred. The integrals are easily evaluated, and, when 
substituted in equation 108, results in 


M /1+9 APs A 
hiti A e + cena 


1 \ Z / CRT — fo) 
SE- 7 
ee g ee i) | (109) 


Solution with “unburnt” at “muzzle.” In this case the value of f at the 
muzzle is computed from equation 109, and the muzzle velocity follows 
by equations 99 and 101. This case is not of practical importance, and 
we shall not test the accuracy of superposition and higher-order terms 
in the way we shall for: 

Solution for “burnt” inside gun. This is the important problem. It 
will be remembered that we are dealing here with a resistance during 
the period of burning. Resistance during the adiabatic expansion is 
discussed later. 
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We need the change in In (rg + 1), where suffix B refers to conditions 
at “burnt.” This change is 


Al ( a 1) pa A Po Ax 
NEES ORE ae So) 
|“ +80 —(7—1)M(1 — fo)} [ini =A) 
x< | ——- —_—_—— _ In ; ——— 
(1 + 6)? Zo 
m (¥ —1)M{1+0—-—6(1 —fo)} (= K =)] (110) 
0 (1 + 8) Zo Zr 


Let suffix E refer to values at shot ejection. We have 


APg(xp + UP 


Vian = 111 
E B+ W, +10 (111) 
where 
2 aa 
@ = —— (1 —7'~%) (112) 
ğ— l 
and 
l 
Pe (113) 
zg +l 


In equation 111, Vg, Pg(zg + Ù), and & are all altered by the resistance. 
From equation 103A, 


APg(tp +1) CRTA —3(7—1)M] (7 — 1)APofo Az 


TA ea a aeaa Po A 
Wi +3C Wi + 3C (1 — fo)(Wi + 30) 
Also 
Ab = 2r? Ar = —2r'~7 A ln (zg + l) (115) 
and, from equation 101A, 
A(Vg?) = oar De (116) 
£ (Wi +400 — fo) 
so that 
AY?) = 2AP Ar(1 — fo + for?) 2r -IZBA Po Ax 
i W +O- M +O —-f) 
[H — fo)} [=e = 
x | =———— m h 
(1 +8)? Zo 


P E EREL 
6,(1 + 8) Zo ZR 
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and finally 
(Wit 3C)Ve(l — fo) AVe ae 
a S 1 + fo — for 
ii E +6-—(¥-—U)M(1—fo)}, [Ze = 
—r Zg] = o nl IHH l 5 — 
(+8? Ba 
4 (7 — 1)M{1+ 6 —8:(1 — fo)} (> E =)] (117) 
ð (i + 0) Zo ZR 


This gives the change of muzzle velocity AVg due to a bore resistance 
AP, Az occurring at the point (fo, Zo), in terms of the characteristics 
of the solution without resistance. 

For resistance very early in the travel, fọ is nearly unity, and 


(Wi + 3C)Ve AVE r' Zp | 1+8 | 
$$ i —_ [pn mauus 
AP o Ax (1 + 6)(1 — Jo) Za(1 — fo) 


showing that for resistance occurring sufficiently early in the travel the 
muzzle velocity rises. For resistance at “burnt,” fo = 0, and 


(Wi +30)Ve AVe 
AP Az 


and the muzzle velocity falls. When resistance occurs during the adia- 
batic expansion, the kinetic energy of the shot and the gases at the 
muzzle are reduced by the work done on the resistance, without other 
effect on the ballistics (except on the time to traverse the bore). Hence, 


(Wi +30)Vr AVe 
APo Ax 


if the resistance occurs after “burnt.” 


5.52 Accuracy of first-order theory 


The results of the preceding section were obtained by expansion in 
powers of Po Ar/Vo, keeping only the first term. To show the magnitude 
of the error we take an example, and this is, of course, the 3.7-in. AA gun, 
which has appeared so often in these pages. A charge of 8 lb 5 oz, giving 
20 tons/sq in., was assumed. With 0 = 0.3, 7 = 1.34, and no covolume 
term, the velocity from the basic method is 2642 ft/sec. Peak pressure 
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occurs at a travel of about 4 calibers and “burnt” about 10 calibers 
farther on. A series of exact solutions, with exact allowance for the 
assumed resistance, was computed on a National accounting machine. 
To get sufficient accuracy in the differences AVz, these solutions were 
computed to an accuracy of 0.1 ft/sec. 

Table 5.12 shows the effect of increasing Po Az at a given point early 
in the travel. At this point, where x) = 0.58 calibers and fp = 0.9, 


TABLE 5.12 Accuracy or FIRST-ORDER THEORY aT 0.58 CALIBERS TRAVEL 


fo = 0.9 
W C) V e AVg(l — 
Po Ax/7.99 (Wi + AO e AVEU = fo) Method 
AP» Az 
0 0.624 First-order theory 
0.25 0.65% Exact integration 
0.5 0.67 Exact integration 
1 0.85 Exact integration 


the shot would be brought to rest by an instantaneous Pp Az of 7.99 
ton/in., so that one would not expect first-order theory to be other 
than very rough for such a value of Po Ax. The agreement found is 
therefore encouraging. The error in first-order theory is only 7 per 
cent when Po Ax reaches half the value needed to stop the shot. 
Another way to show the agreement is to calculate the effect of 
Po Az = 7.99 ton/in. at various positions along the bore. Table 5.13 
shows the comparison to be extremely satisfactory except when the 
resistance stops the shot. We can conclude that first-order theory is 


TABLE 5.13 Sranparp Bore RESISTANCE, Po Ar = 7.99 TON/IN., AT VARIOUS 
POSITIONS ALONG THE BORE 


(Wi + 4CO)(1 — fo) Ve AVE 


AP» Az 

fo Exact Integration First-Order Theory Error 
0.9 0.85 0.624 0.23 
0.8 0.25 0.231 0.02 
0.7 —0.02 >- —0.026 0.01 
0.6 —0.22 —0.226 0.01 
0.4 —0.53 —0.540 0.01 
0.2 —0.78 —0.789 0.01 
0 -1 -1 0 


adequate to represent the effect of a concentrated bore resistance except 
when this is sufficient to halt the projectile. 
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5.53 Calculation of the effect of long stretches of bore 
resistance 

One often wishes to find the effect of a bore resistance extending over 
a large part of the travel. Such a resistance, no matter how it varies, 
can be represented as an integral over suitably chosen resistances of 
our standard type. To see the errors likely in this process we consider 
the special case of constant resistance, and, since the exact solution is 
known from “burnt” to “muzzle,” we need consider only the part up 
to “burnt.” This enables us to take f as the variable of integration. 
The weighting-factor theory makes 


AVed AVg M l 
AVa = {~<a ee aS irl ALI 
Ax df Ax Z 
-MA l 


~ (Wi + 40)Ve 
(x + ))Po E —f)(Wi + 30Ve “| af (118) 


This integral is easily evaluated. Pp is a known function of x, which is 
itself a simple function of f. So is Z, and the “weighting factor” in 
brackets comes from equation 117. Thus, equation 118 is easily com- 
puted by a numerical integration, whatever the form of the bore resist- 
ance. 

Table 5.14 shows the agreement between equation 118 and exact 
numerical integration of the equations with resistance, for Po = 1 
ton/sq in. extending from “burnt” to f = 0.5, 0.7, and 0.9. The agree- 


TABLE 5.14 THE EFFECT or A CONSTANT BORE RESISTANCE FOR A CONSIDERABLE 
PART OF THE TRAVEL 


Po = 1 ton/sq in. 


Position in 


Unperturbed -a oS a 

Position in Bore Solution Exact Eq. 118 Difference 
z = 0.58 to 13.43 cals f =0.9toOd —23.3 —23.5 . 0.2 
2.02 to 13.43 “ 0.7 to 0 —29.8 —30.7 0.9 
4.96 to 13.43 “ 0.5 to 0 —26.9 —27.5 0.6 


ment is extremely good and shows that the effect of all reasonable forms 
of bore resistance can be calculated in this way with high accuracy in 
spite of the speed of the methed. 

Another simple test is the effect of Py = 1 ton/sq in. from 0.58 
calibers travel to the muzzle. This is —115.9 ft/sec by exact integration 
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and —116.1 ft/sec by using equation 118 up to “burnt” and thereafter 
the exact relation: 


1 


9 (w: -+ 4 A(V g?) = —APo(xz = XR) (119) 


5.54 Effect of the covolume 


The basic solution used here omits the covolume term 7 — (1/8). 
The same process can be applied to Coppock’s solution with covolume, 
but the algebra is more tedious. The best way to allow for covolume 
appears to be to follow a practice introduced by Dr. Pike and to increase 
the force constant of the propellant as explained in § 5.25, to give the 
correct effect of covolume on peak pressure. Such a modified force 
constant can be used in the equations of the preceding sections and 
appears to give the interaction of covolume and bore resistance to a 
sufficient accuracy. 


5.6 Numerical and mechanical methods 


Whatever the form of the interior-ballistic equations, they can be 
solved by numerical integration for any desired values of the parameters. 
This method was first employed by Centervall ? (1902). The disadvan- 
tage of numerical integration is that each special case needs a complete 
new solution. Centervall therefore studied a sample of typical guns 
and constructed a short table of standard solutions; he also represented 
his computed results by formulas resembling those of Sarrau. Center- 
vall’s list of solutions is much too short to fulfil his aim. Later writers 
have constructed more elaborate tables based on other sets of theoretical 
equations and have used the similarity theory to make each solution 
as general as possible. The similarity principles are discussed in the 
next chapter. It is worth saying here that they are not just a matter of 
dimensional analysis, which was already used by Centervall, for example; 
the similarity rules arise from the structure of the particular equations 
used, and, roughly speaking, the more detailed the equations, the less 
general each solution becomes. As an example, we may take the 
“covolume term” n — (1/5). If this is taken to be zero, there is ob- 
viously one fewer parameter in the equations, and the assumption 
n = 1/6 folds up a single infinity of numerical solutions into one 
solution of the simplified equations. Thus we may say that in general 
numerical integration is capable of dealing with the most complicated 
set of ballistic equations, but each increase in detail is paid for by a 
great increase in work, both for the original computer and for the user. 


2 Centervall, Internal. Ballistics (Stockholm, 1902). 
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Numerical integration of the ballistic equations is easy and is described 
in Appendix A. 

During World War II the differential analyzers at Cambridge and 
Manchester, England, were used for a time on interior ballistics. These 
are mechanical differential analyzers of fundamentally the original 
Bush model, and they have eight integrating units. The capacity of 
such a machine is measured by the number of integrators, and eight is 
sufficient for most systems of ballistic equations. In the work done at 
Cambridge the equations were normally about as complicated as those 
of § 5.32, with covolume and Résal terms, and a shot-start pressure or 
bore resistance; the rate of burning was a tabulated function. Such a 
set of assumptions requires seven or sometimes six integrators. It is 
not often that more complicated equations are studied in interior ballis- 
tics, and those that arise can usually be solved approximately by taking 
slowly varying mean values of unimportant terms. This was done for 
recoilless guns, whose equations are a little too complicated to be set 
up properly on an 8-unit analyzer. 

The differential analyzer is faster than a computer most strikingly 
when only an end value is required. Suppose, as an illustration, that we 
have a set of equations for the interior ballistics of a gun and that we 
have to find what rate of burning gives the observed peak pressure. The 
computer guesses a rate, works through the integration, step by step, 
and must write down the details of the working as-he goes. This con- 
tinues until peak pressure is reached, after which the process is repeated 
with other values of the rate of burning, and the correct rate is deduced 
by an interpolation. The solutions written down can now be thrown 
away. If the same problem were to be done by differential analyzer, 
one would run trial solutions in the same way, integrating out to peak 
pressure but not stopping to record any details of the solution except 
peak pressure itself. This ability to record no more than is absolutely 
necessary for the purpose in hand does make a considerable difference 
in the time spent on many problems. 

It is difficult to give a general figure for the relative times for solution 
by differential analyzer and by computer, since there is as yet no “‘stand- 
ard” analyzer: each new machine is faster than its predecessors. Expe- 
rience in England during World War II showed that for interior ballistics 
a team of computers is cheaper than a differential analyzer, especially 
with regard to capital cost. Nevertheless, in an emergency an existing 
analyzer can be put to work on interior ballistics if no problem arises 
that is better suited to the analyzer. The accuracy of most present-day 


23 For a description of the Manchester machine, see Hartree, Nature, 135 (1935), 
940. 
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machines is about 1 part in 300 on problems of this size. This is suffi- 
cient for most work on interior ballistics, though for the production of 
“grids” of solutions a little smoothing of the results will usually be 
necessary. By contrast, the accuracy of a differential analyzer is in- 
conveniently low for the central problem of exterior ballistics, and 
definitely much too low for producing grids of standard solutions between 
which one will wish to interpolate. When American analyzers were 
used on exterior ballistics during the Second World War, smoothing of 
the results was necessary to bring the nominal accuracy up to the level 
demanded in that subject. 

The differential analyzer at Cambridge was used to explore certain 
ballistic problems of a general character, particularly the consequences 
of a shot-start pressure. Since a small shot-start pressure usually 
slightly improves the muzzle velocity of a given gun at a given peak 
pressure, it might seem that a really large shot-start pressure would 
improve the performance by an amount of some importance. It was 
shown, by using the analyzer, that the optimum shot-start pressure was 
usually quite small, and the performance dropped rapidly after this 
optimum was exceeded. The analyzer was also used for the tabulation 
of the Clemmow factors (§ 5.4) for certain conditions, for the study of 
optimum solutions, discussed in the next chapter, and for an investiga- 
tion of ballistics when there is a substantial resistance to the motion of 
the shot down the bore. 


EXAMPLES 


1. Solve the ballistic equations by the method of § 5.23 when the propellant burns 
according to the geometric form function for spheres. 

2. Calculate the change of peak pressure caused by bore resistance concentrated 
at one point. 

3. Show that if n ~ 1/4, then 8,P,'~*/8 depends on [n — (1/8)]Pm/RTo. 


Similarity Relations 
CHAPTER SIX and Optimum Problems 


of Interior Ballistics 


6.1 Introduction to ballistic similarity 


The idea that a ballistic solution for one gun could sometimes be 
transformed to apply to another first appeared in Sarrau’s approximate 
theoretical solution,! where the details of gun and charge were found to 
occur only in certain combinations. This was put to a more important 
use by Gossot and Liouville ?; having written down their version of the 
fundamental equations of the gun, they discovered the essential param- 
eters and hence obtained the functional form of the theoretical solution. 
The functions themselves were found by fitting to firing data and were 
approximated by simple mathematical expressions. These can be 
regarded as a convenient synopsis of past experience on normal guns, 
but their value for completely new types of guns depends on the accuracy 
of the basic theoretical equations. 

Similarity of the ballistic solutions was first studied for its own sake 
by Emery? (1912), who examined the transformations possible in 
various sets of fundamental assumptions. A most useful advance was 
made by Roéggla‘ in 1914, when he showed that solutions for propel- 
lants of different shapes could be correlated, at least up to “burnt.”’ 
Since the solution is always simple after “burnt,” this restriction does 
not cause any difficulty in practice. Röggla assumed 7 = 1/6 in proving 
his similarity law, but this too is not an essential feature. 

Since that time the methods of finding similarity relations have been 
applied to other cases ë and have been used to reduce the bulk of tables 


1 Sarrau, Recherches théoriques sur le chargement des bouches à feu (Paris, 1882). 

2 Gossot and Liouville, Mém. poudres, 13 (1905), 1. 

3 See Emery, Mém. artillerie franç., 2 (1923), 21. 

4 Röggla, Mitt. Gegenstände d. Artill. u. Geniewesens, 45 (1914), 1, 149. 

5 A burning rate proportional to P + P has been examined by Proudman, Proc. 
Roy. Soc. (London), 100A (1921), 289, and various forms of bore resistance by Proud- 
man and by Voituriez, Mém. artillerie franç., 4 (1925), 131. 
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of numerical solutions. Réggla’s transformation is particularly valuable 
when solutions are being found by numerical or mechanical integration, 
for, as we shall see, solutions for all possible values of the form factor 6 
can be deduced from the solutions for a certain three values. On the 
other hand, no new technique for finding additional similarity relations 
has been discovered since Réggla’s day. Articles that have reviewed 
the concepts and results of similarity have not always made clear how 
simple the matter is; one of the best is a note by Pappas.® 

In this chapter we deal first with a fairly simple form of the ballistic 
equations, to make the methods stand out more clearly. Later we give 
in brief the results for a more detailed set of ballistic equations. 


6.11 The similarity relations for a simple set of ballistic 
equations 

We assume: 

1. Rate of burning 6P*. 

2. A form function @ = (1 — f)(1 + @f). 

3. A resistance to motion represented by a ‘‘shot-start pressure” Po, 
vanishing as soon as the shot moves. 

4. We neglect the covolume term n — (1/8). 
Then the equations are, in the usual notation, 


¢= (1 —f) + 4%) (1) 
p% = —pP* (2) 
dt 
(m +5¢)— = 4P (3) 
2 dt P 
T'RTo( 1 + — 

p(u S44 renle) E 

ô Lt Cc 

3W, 

and f ; f 

aor) a PONTO 5) 


2CRT 5 


where P is the pressure at the breech. The boundary conditions are 
that (V = z = 0; P = Po) att = 0. 

The first step is to replace all quantities in these equations by dimen- 
sionless variables. Obvious changes are 


6 Pappas, Heerestechnik (1930), 161; Mém. artillerie franç., 10 (1931), 581. 


where v is the new variable, and 


(0-9; 


which replace equation 4 by 


(1 + &)x = oT” 
To reduce equation 2 to a standard form, we write 
t= Br 
giving 
C a 
df CRT 2Wi| | 
dr s(t e) w i 
5 3W, 
so that if 
y C a i C a 
D ( ) 3W, 
rote T 
B \CRTo C 
Fa 
2W, 
then 
af i 
a Y 
dr 
Now 
i E giaa z 
dz B 2W, 
= ———_ (v — =) RT” 
dt ~ AD pee C 
3W, 
and this gives, from equation 3, 
2a—1 
dt (Z TET es (u- ge Ris +s) 
dr? 7+ 
BT (CRT, ye 
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(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 
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Suppose that a = 1, in which case this equation becomes 


H 
REAR ie 
d’ 2 =) ( T =) 
dr? B E z 


2 
1 =) W,CRT, 
( $ OW, 1 0 


in which we recognize the ‘‘central ballistic parameter” of chapter 4 
and the first part of chapter 5. In its generalized form, then, we write 


l (v ay (1 i C A 
ADX? ô 3W, 


M = ( ) - (13) 
p W,(CRTp)** (1 + —_ ; 
1 0 OW, 
leading to 
dt 
and, from equation 5, 
ot — T) = (8) (15) 
~ 2M \dr 


All the equations are now in dimensionless form, with 7 as the inde- 
pendent variable and r, f, ¢, £ and T’ as the dependent variables. In 
these equations we have only the following parameters: a, 6, M, and 7. 
The initial conditions are 


(u -5)po(1 +) 
dt 6/ ° 3W, 
Val ta eal. a pampe 
ar CRTo(1 + =) 
i ow, 


at r = 0, and the equations hold up to f = 0. Therefore the initial 
conditions introduce only one more parameter, mo, the reduced value 
of the shot-start pressure. 

Hence the solution of this set of equations has the form: r (or equally 
well f, $, &, or T’) = a function only of 7 and (ro, a, ¥, 8, M). This holds 
also for the function dr/dr, and, in particular, the equation, 


(=) 
ut ae 
dr/m 


determines 7m as a function of (ro, a, ¥, 6, and M). Hence the peak 
breech pressure Pm is 
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Pm = — X a function of only ro, a, 6, ¥, and M 


(0-5) (+597) 


provided f(t) > 0: this is itself one relation that can be written as 
M > a function of only ro, a, ¥, and 6 


At “burnt,” f = 0, which gives r (= rg) as rg = function of (ro, a, 
7, 6, and M), and the velocity at “burnt” is given by 


E CRTo 
 Wi+ł4C 


There are formulas of analogous type for such quantities as the travel 
to “burnt” and to peak pressure. 

Solutions for different guns can be transformed one into another if 
they have the same values of ro, a, 7, 8, and M. This is one type of 
similarity between ballistic solutions. Other forms can be deduced by 
the same methods; for example, the influence of 9 can be found as in 
the previous chapter. We have 


Vr? X a function of only (ro, a, 7, 8, and M) 


l (1 +r = oT (8) 
dt 
FE = Mr (14) 
X= a el) 
1-T)= =H 15 
( ) oM Nar (15) 
df 
— = =r" 10 
dr j my) 
| @ = (1 —f)(1 + ef) (1) 
of which the last two may be replaced by 
do | 466. |" 
— = (1+6)}1 —-———_| 7 16 
Ped ed anr (16) 
To take account of 0, for 0 = 0, we replace ¢ throughout by 
46 
3 (17) 


eae 
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and then equation 8 indicates that r should be replaced by 


j 48r (18) 
"(1 +6)? | 
giving 
(1 +r =T (19) 
and 
dè (1 +027 
— = ——— (1 = 9)(x')* 20 
oo ee (20) 
Also 
dE M(1+ 6)? 
= _ oer x (21) 
dr 46 
We change the variable 7 to 7’ to simplify equation 21: 
‘= (1+ 6) et (22) 
f= a T ; 
giving 
d’ 
—~ a 23 
dr”? (23) 
and 
d f(l+ T. ()" 
— = — } (1 —&)*(x')* (24 
dr’ | 40 m A ) 
Finally equation 15 gives 
(1 — T’) : (7 — 1) (S) (25) 
2 t dr’ 


The equations of the system have been reduced to equations 19, 23, 24, 
and 25, and the initial conditions are 


10(U =) P (1+ —-) 
dé ay? 3, 
p= =0, w = r = ————____ at sm 
= (1 + 6)2?CRT (1 + =) 
QW, 


and the solution holds only to 6 = 40/(1 + @)?. 
Hence the solution depends only on the parameters, 
{4-3 4(a—1) 48 3—2a - 
ï, qa, To’, and ee (26) 


while any quantity referring to “burnt” is also a function of 40/(1 + 0}. 
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Compare this with the previous results, which showed that the essen- 
tial variables were a ae E. (27) 


The transformation which led from expression 27 to expression 26 is a 
Röggla transformation. It holds only if 6 = 0 and shows that the 
solutions for various @ fall into essentially three types. Suppose that 
we want the solution for the parameters 7, a, To, 8, and M, with 
0<6<1. Then the transformation given previously enables the 
solution to be found if we know the solution for the same 7 and a, 6 = 1, 
ro multiplied by 46/(1 + 6)?, and M multiplied by [(1 + 6)/2]*~ 48-3. 
The solution for 0 < 0 < 1 has “burnt” at the point ¢ = 46/(1 + 6)? in 
the solution for 6 = 1. Hence, if we know the solutions for 0 = 1 and 
all values of rọ and M, we can obtain any solution we want for 
0<6@< 1. This shows that numerical integration need be carried out 
only for 0 = 1, and, if the complete solution up to “burnt” is needed, 
then only one set of solutions (@ = 1) need be tabulated. It should be 
noted that, if only the peak pressure and the results at “burnt” are 
being tabulated, then we have the choice of either tabulating solutions 
for 0 = 1 but giving every point, or else first picking off the data at 
“burnt” for simple values of @ from the complete solutions (@ = 1) and 
tabulating the “burnt” data for stated values of 6. This is a consequence 
of “burnt” occurring at ¢ = 46/(1 + 6)” in the basic solutions. Usually 
the second course leads to more compact tables. 

The transformation of one ballistic solution into another is by no 
means restricted to theoretical solutions. The similarity relations have 
long been used for building up families of guns from one standard model 
of medium caliber, whose performance has been thoroughly investigated 
by experiment. This scaling up or down is made much easier if the 
propellant composition and the density of loading are constant through- 
out the series. This is one reason why in the past the guns of one maker 
have often had nearly the same density of loading. Another interesting 
practical application of similarity is the construction of scale models of 
unorthodox monstrosities: examples which can be quoted are the model 
of 2-cm caliber, built to give data for the 400-ft-long Hoch Druck Pumpe 
of 15-cm caliber, which was to have bombarded London from Belgium; 
likewise the ballistics of the 80-cm-caliber Schwere Gustav, which fired 
7-ton shell at 2300 ft/sec, were predicted from a model of 8-cm caliber.’ 


7Jt is difficult to see why theory was scorned in this case, for the gun was bal- 
listically normal, except in size. Possibly the idea was to reduce the number of test 
rounds, for each full charge consumed 4000 lb of propellant! The life was not unduly 
short: from the wear in the first 50 rounds the life was estimated to be 300 rounds. 
This gun was used to reduce the Sebastopol forts in 1942. 
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If we neglect the shot-start pressure and use an isothermal model 
(y = 1), we see from expression 26 that the solution can be found when 
we know the two parameters œ and (1 + @)*~ (46)? ?*/M, of which 
the second can be written in full as 


à C 2 C 2(1 —a) 
woonr,(1+ 56) ul w(u -9+2 
ie ea +w, ô tW, 


A?D? (1 + <) CRT (1 + 6)? (1 + —) 
3W, 2W, 


This result was given as equation 97 in § 5.4. 
Another special case occurs when a = 1. The essential parameters 
of the solution are, from expression 26, 


c 
40P,(U — He- 
of =)( +s) 


(1 + 6)°CRT, (1 4- 4 ) 
i 2W 


1 


—, and 
7, M 


These are the variables used in the Goldie tables of § 5.32, where also 
a term in n — (1/8) was included. 

The solutions for @ = 1 include all the solutions for 0 < 0 < 1 but 
not 6 = 0 itself; for 6 close to zero, say, 8 = 0.05, though the transforma- 
tion is still valid, yet the numerical factors involved (such as (1 + 6)?/46 
in equation 18) are large, and there is a considerable loss of accuracy 
in passing from the basic solution (@ = 1) to the derived solution for 
6 = 0.05. As @ tends to zero, the solution is obtained by greater and 
greater magnification of less and less of the basic solution, whose central 
ballistic parameter M tends to infinity at the same time. 

For the case @ = 0, we return to the set of equations: 


(1 +r = oT” (8) 
d*¢ 
P ey de =) 
soled aa 2M € 68) 
d ; 
= nae (16) 
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Clearly we may multiply r, ¢, and 7 by factors chosen to give simple 
forms to any three of the foregoing equations. This has been done al- 
ready in § 5.4, and the result is 


— x’ M —1/@8-2a) (28) 
$ = gM- 8-2a) . (29) 
and 
r= MTN B-2a) (30) 
giving the transformed equations 
(1 + &)x’ = OT’ (31) 
re 
a7 (32) 
dè F 
— = (n')* (33) 
dr 
and 
a- T) =~ (7-1) E (34) 
~g 7 dr’ 
with the initial conditions 
M'G~2a) (v — 4 Po (1 + = ) 
dé , , ô 3Wy 
£ = — = Ú, T = Tto =E mMM 
ad CRT ( a ) 
j 2W; 


and “burnt” occurring at 6 = M” 8-29, 

Hence the solution depends on only three parameters: a, 7, and x’, 
whereas quantities at “burnt” depend also on M. All solutions with 
given a and ¥ can be obtained from the set of solutions with all values 
of the shot-start pressure, a single value of M, and the same values of a 
and ¥. This set of basic solutions should have the largest value of M 
that will be needed in practice. 

For zero shot-start pressure we return to the results of § 5.4 for 0 = 0, 
in particular to the Gossot-Liouville law for the peak pressure: 


3 431/(3—2a) 
W (CRT (1 =) 
B “Wi (CRTo) + OW, 
E E — G(a, 7) (35) 


C c\ 
AFL 2 lt 
ô 3W, 


whose consequences have been developed in the preceding chapter. 
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For —1 < @ < 0, the same transformation applies as for 0 < 6 < 1, 
and the similarity rules are the same. The basic solution must be one 
with a negative 0. The case 0 = —1 is special, and, as it does not occur 
in practice, it is not necessary to investigate it further. Usually a basic 
solution with 6 = —0.5 is sufficient. Thus all we need consider, in 
numerical integration, are the three values 0 = —0.5, 0, and 1. 


6.12 The tabulation of ballistic solutions 

We consider a ballistic system with the fundamental assumptions: 

1. A rate of burning 6P*. 

2. A form function ¢ = (1 — f)(1 + @f). 

3. A resistance to motion represented by a pressure R(x) per unit area 
of bore cross section. 

These cover most cases that have been or are likely to be tabulated. 
The form function is sometimes a cubic instead of a quadratic, and the 
rate of burning is sometimes taken as 6(P + Pı). These extensions 
are easily included by the same methods. 

The equations of the problem are 


$= (1-1 +6) (36) 
pia —BP* (37) 
dt 
dV AP 
W, a = ms — AR(z) (38) 
2W, c 
CoRT r(i a) 
TTE 42—c4(s-!) _ eS a 
6 ô jt 
3Wı 
and 
a? F 1 —1)A 
sa-m) =307- (m1 +50) v+ ae aah Bae 


of which the last two may be combined into 


C C 1 
crta(1 +=) ~~ (1 +) [v -+ 4z- co(a-:)| 
1 C DAN oc 
+5@-v(1+5—)(m+ic)v 


C 
PAG = p(1+5—)4f Ra (39) 
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As in the previous section, we write, for 6 =Æ 0, 


CRT (1+ =) (1 + 6)? 
0 ow)" ) 


P = ——_______ (40) 


(etat 


CRTor(1 + 6)? 


ogar 
(0-5) 


r (42) 


a = „(U = N ( j D 
= (— ) |1 aaassssŘÃiI (43) 
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A (1 +6)°CRT, 1° 
40 
~ (+6)? (45) 
1 
c(a-3)0 +o 
8--—— 
T (46) 
(uv ü =) - 
which give 
dt 
dr? =T r (47) 
E ` 7 a 1 £ 
® = (1 — Be 7 — 1 dt — 4 
(l+¢—B®)r+ (7 f= E [ra (48) 
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d® 1+ @)?]*—' | 40 4s 
ae fare leg oly a 
dr 46 M 
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with the boundary conditions, 


d 
eae n=r(—~é=0) atr=0 (50) 
dr 
ft 46 
and burnt” at © = ———_. 
(1 + 6)? 


The essential parameters include: 
1. B, a measure of the covolume effect. 


aay’ kd ST 
2. mae a which represents the effective speed of 


burning. 

3. ¥, which is connected with the heat capacity of the propellant gases 
and the heat losses to the gun barrel. 

4. (7 — 1)/[((3W,/C) + 1], which arises as a correction from mean 
pressure to the pressure at the shot. 

5. a, a property of the propellant, but depending also slightly on the 
details of the ballistics. 

6. 40/(1 + 6)? as a further parameter when values are needed at 
“burnt.” 

The function r introduces at least one more parameter, the value of r 
at = 0. ris derived from R, the resistance to motion, by equation 41. 
R will be a known or assumed function of travel. In the simplest pos- 
sible case, R will be independent of travel, r will be a constant during 
any given ballistic solution, and this will be the only parameter intro- 
duced by resistance. More generally, R will be a function with two 
parameters or more, which it will probably be sufficiently general to 
write as 


g(0) = 1 


where g might be, for example, an exponential or linear decay; the 
parameter a is dimensionless. Then, 


r = rog(aé) 


so that two parameters are involved, even if we stick to a single function 
g. If we like to take a constant value of a in all cases, only one param- 
eter is needed. This implies that, if we change the loading conditions, 
the resistance at a given travel changes (except in the special case of g 


238 Similarity Relations and Optimum Problems 


being a constant); this variation of resistance from one solution to an- 
other goes in a direction that is physically plausible. Suppose C is 
increased; then at given x there is a bigger £ and so a smaller resistance, 
since g will of course be a decreasing function; physically a bigger charge 
means a higher velocity at a given travel, and this higher velocity usually 
lowers the resistance. Thus a constant value of a produces a varia- 
tion of resistance, with the loading conditions, in the physically correct 
direction. Any discrepancy would occur away from & = 0, since varia- . 
tions of initial resistance are represented exactly by rọ; hence any 
appreciable error arising from constant a could be corrected by a device 
similar to the method of § 5.5, which fails only near § = 0. All told, 
it is a reasonable approximation to take 


r = rog(€) 


with a single function g in each set of ballistic tables. 
We have isolated six ballistic parameters, whose relative importance 
will now be discussed. The covolume term, 


1 
B 2 
O(n SKET 


(ou 


has a minimum value zero, approached in firings at low density of load- 
ing. The maximum value has no upper limit, for @ may approach zero 
as closely as we please; a practical limit is set by the fact that @ very 
close to zero makes the transformation factor (1 + 6)*/46 very large, 
and the derived solution is much less accurate than the basic. If it is 
really necessary to use @ between 0 and 0.1, this could be more easily 
attained by interpolation between these values than by direct conversion 
from a basic grid with 0 = 1. A reasonable upper limit of B would 
therefore be B = 3. In most regions of a ballistic table the solution 
is not sensitive to B, and in such regions it is usually sufficient to deduce 
a quadratic relation from three values of B. 

The parameter, (M/40)[(1 + 6)?/40/?"-”, runs from 0 to about 5, 
in practice, and has too strong an influence on the results to be taken 
into account in any approximate way. This parameter measures the 
influence of the increasing volume available for the propellant gases, 
relative to the evolution of gas from the propellant. 

The pressure index a of the rate of burning has a considerable effect 
on the ballistic solution. 


B = 
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The nature of the propellant enters through «œ and also through 7. 
The latter does not vary over a wide range, nor does it have a major 
effect on ballistics. It is almost always sufficiently accurate to use 
simply the three values ¥ = 1.25, 1.3, and 1.35. 

In the term that represents the work done against bore resistance 
we find another parameter, (7 — 1)/[(8Wi/C) + 1]. Usually the work 
done against resistance is small compared with the kinetic energy of 
the shot, and it is possible to use linear interpolation with respect to this 
minor parameter. Its limits are zero and ¥ — 1, though this upper limit 
is attained very slowly as C/W, increases. 

Finally, there is the parameter rọ, which measures the importance of 
the bore resistance relative to the peak pressure. This parameter has a 
major influence on the ballistic solution. 

In general, not all these parameters will appear in any particular set 
of ballistic tables, which would then be intolerably bulky and awkward 
in use. Usually only one value of «æ is taken: for example, the Char- 
bonnier-Sugot tables have a = 1, Réggla used a = 0.7, and the Bennett 
tables a = 24. For analytical work a = 1 is much the best single value, 
but for numerical tables it is possible to choose a better mean, at say 0.9. 

By the approximation » = 1/5 and the assumption of universal 
values of ¥ and rg, the number of ballistic parameters can be so reduced 
as to permit a graphical representation of the results. This is the basis 
of the Réggla graphs,” whose practical usefulness is, however, restricted 
by the low value of a (= 0.7); it is also to be noted that, as published 
by Roggla, the peak pressure is the mathematical maximum, which 
may occur after “burnt,” so that some care is needed in the use of these 
graphs. They have not become popular in Britain, where it is thought 
that the isothermal model of chapter 4 is as quick as the Roéggla graphs, 
and the empirical corrections, necessary in any case, are a good deal 
smaller in the isothermal model. Of course, the formulas of the iso- 
thermal model could be graphed in exactly the same way as the results 
of Réggla’s numerical integration, since the differences are basically 
only in the assumed values of a, 7, and the “reduced shot-start pressure.” 

The set of reduced equations given previously is not applicable to 
@ = 0, which needs a separate investigation on the same lines. The 
essential parameters are a little simpler in form when ô = 0. 


è This may be illustrated by various ballistic systems which have treated 7 as a 
parameter to be used to adjust theoretical to observed ballistics. A small error in the 
assumptions requires a big change in ¥ as compensation. For example, Bianchi, 
Balistica Interna (Turin, 1910), had to use 7 varying from 1.0 to 1.95! He used dif- 
ferent values of 7 to adjust peak pressure and muzzle velocity. 

* Roggla, Neue Diagramme fur die angewandte innere Ballistik (Pilsen, 1931). 
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6.2 Optimum ballistic solutions 

There are two classes of optimum problems: (1) the choice of a 
“best” charge for a given gun, and (2) the choice of a “best” gun for a 
given projectile. In the earliest days these were studied with “maximum 
muzzle velocity” as the criterion of the best solution. Charbonnier !° 
took his analytical solution for a = 1 and 0 = 0, without shot-start 
pressure or 7 — (1/6) terms, and showed that: 

1. Of all charges giving an assigned peak pressure, there was one 
that gave a maximum muzzle velocity; this “optimum charge” gave 
“all burnt” when the shot was at the muzzle. 

2. For all guns of the same*total internal volume and given peak 
pressure and projectile, each gun being fired with its optimum charge, 
there was one gun which gave the maximum velocity. This was the 
“optimum gun” of the specified total volume and peak pressure. 

These results were extended to other values of a by Emery, using 
ballistic similarity. An elegant discussion on these lines is given by 
Sugot,! based on the ballistic parameters for 0 = 0, n = 1/8, and zero 
resistance. He demonstrates the following properties of the “optimum 
charge”: 

(a) For expansion ratios near unity, there is still unburnt propellant 
at the muzzle, and the corresponding density of loading is independent 
of Pm/RTo; here the expansion ratio is defined as 1 + (x/?), where, 
as in chapter 4, Al = U — (C/ô). 

(b) For large expansion ratios, “burnt” occurs at or before the muzzle, 
but not much before; the optimum density of loading increases with the 
expansion ratio and with Pm/RTo. 

For the “optimum gun”: 

1. The optimum expansion ratio decreases slowly as Pm/RTo increases. 

2. The muzzle energy is proportional to the total volume of the gun 
and increases more slowly than Pm/RTo. 

3. The optimum density of loading increases with P,,/RT'. 

Taking a special progressive form function, Sugot shows that pro- 
gressivity increases the optimum density of loading. 

The practical application of these results is limited by the fact that 
in these “optima” the position of “burnt” is close to or past the muzzle. 
The regularity is therefore poor, usually too bad to be tolerated in a 
practical gun. A more realistic problem would be: Given P,,, velocity 
and regularity; find (1) the smallest charge, or possibly (2) the gun of 
smallest total internal volume, or perhaps (3) the shortest gun. Which 
of these three criteria to use would depend on the nature of the require- 


10 Charbonnier, Balistique intérieure (Paris, 1908), p. 255. 
u Sugot, Mém. artillerie franç., 5 (1926), 1131. 
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ment. To go into these matters would involve the establishment of a 
formula for regularity in terms of the ballistic parameters. This we are 
not prepared to state in this book. It must be said that this question 
is fundamental to the study of optimum ballistic solutions. 

Another failing of the “optimum gun” as ordinarily given is that the 
conditions of given total volume and given maximum pressure do not 
ensure a constant weight of barrel. In reality, the weight of these guns 
depends also on the shot position at the time peak pressure is attained, 
and, in fact, also on the whole course of the (pressure-travel) curve after 
that point. It is easy to see that, if we specify the weight of the barrel, 
that gun that gives the highest velocity has a bigger expansion ratio than 
the “optimum gun” as ordinarily defined. No treatment taking account 
of this factor has been published. 

In view of these shortcomings of the orthodox ‘“optimum-gun”’ 
problem, it is not surprising to find that relatively few real guns are 
“optimum” in this sense. Nor need we go into the mathematical details 
of the orthodox solution. This is a straightforward matter of differentia- 
tion and after some laborious reduction ends with formulas that are 
quite complicated, even when derived from the most unsophisticated 
ballistic system. It is, in practice, quicker to determine the optima by 
direct numerical evaluation of neighboring solutions; this is indeed 
essential when one is using a refined ballistic method or a set of tables. 
Such a process cannot determine the position of the optimum very 
accurately, but this is needed only as a rough guide; the optimum per- 
formance, which is of more interest in practice, can be found with high 
accuracy by numerical evaluation. 

We need not give here tables of the “optimum charge,” since the 
charge that makes “burnt” occur at the muzzle is nearly the optimum 
and can be determined more easily in any ballistic system. The only 
appreciable difference between this and the optimum charge occurs in 
guns of small expansion ratio, where the optimum is so much less 
regular that it is actually better to use the charge giving “burnt” at the 
muzzle. 

Tables of the “optimum gun” will be of more interest to the reader, 
for this optimum is not approximated by any simpler expression. Table 
6.1, from Sugot,” shows the optimum as a function of RTo/Pm, where, 
it should be noted, P,, is the maximum of the mean pressure in the gas, 
smaller than the breech pressure by a factor of 1 + (C/6W;); actually 
Sugot uses rather different Lagrange corrections from this, but the 
inconsistency arising is not important. These optima have been calcu- 
lated by assuming @ = 0, n = 1/6, and no resistance. The piezometric 


? 


12 Sugot, Mém. artillerie franç., 5 (1926), 1131. 
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TABLE 6.1 Oprrimum Guns For 6 = 0 


After Sugot; assuming » = 1/5 and no resistance. The expansion ratio p is defined 


i. aE 
ee OE Te 
Density of Piezometric 
RTo/ Pm p loading, g/cc Efficiency 
2.5 3.1 0.675 0.78 
3 3.3 0.63 0.79 
4 3.7 0.565 0.80 
5 3.95 0.51 0.80 
6 4.15 0.465 0.81 


efficiencies quoted are not the maximum possible, since the optimum 
gun maximizes [1 — (1/p)] X the piezometric efficiency, where p is the 
expansion ratio. 

Very similar tables have been given by other workers, though appar- 
ently not in open publications. For 7-hole multitubular propellant, 
geometrical form function, covolume terms included, and a small 
shot-start pressure, the optimum density of loading has been found to 
be close to those in Table 6.1, though the optimum expansion ratio is 
almost two units greater. This is in part due to the flatness of the 
optimum, which results in the expansion ratio being sensitive to the 
details of the ballistic method. 

Optimum solutions for cord charges have not been published. The 
only country that uses cord at all extensively is Britain, where optimum 
problems are of a more realistic type. It has been shown, however, that, 
when cord is used, the optimum charge always has unburnt remaining 
at the muzzle and that the optimum density of loading is less for cord 
than for tube. Itis, in practice, easier to attain high densities of loading 
when cord is used. Since the optimum density of loading increases with 
peak pressure, we deduce that cord is most useful in high-pressure guns. 


EXAMPLES 


1. Find similarity relations when (a) the rate of burning is proportional to P + Pı, 
where Pı depends only on the propellant composition; (b) there is a constant resist- 
ance to the motion of the shot [these cases were studied by Proudman, Proc. Roy. 
Soc. (London), 100A (1921), 289}; (c) ¢ is a cubic in f. 

2. If the propellant burns instantaneously, find the optimum charge weight and 
expansion ratio for a gun of given total volume and Pm. The existence of an opti- 
mum was first shown by Robins (1742). Show that the optimum expansion ratios 
for such guns are less than those quoted for slow burning in Table 6.1. 

3. Solve the “optimum-charge” and “optimum-gun” problems on the isothermal 
model of chapter 4. 
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been of value in deciding what tolerances on bomb diameter ought to be 
allowed. 

Although these two applications of the theory of guns with gas leakage 
are of some importance, the leakages considered are only of the order of 
10 per cent. Thus very simple methods, such as that of § 7.36, are 


Fig. 7.1 A German 10.5-cm recoilless howitzer (LG 42) for airborne troops. Shell 
weight 33 lb, muzzle velocity 1140 ft/sec, weight of complete equipment 1100 lb, 


adequate. There is, however, another application in which more accu- 
rate methods are needed for reliable results. This occurs in work on 
recoilless guns (Figs. 7.1 and 7.2), in which a venturi in the breech 
discharges gas to counteract the recoil. A typical recoilless gun is shown 
in section in Fig. 7.3, which shows also the disk, usually of a thermo- 
setting plastic, which provides the initial seal to the venturi. 

We may approach the idea of this type of recoilless gun in several 
ways. For example, it may be considered as a rocket and gun built 
together, with a common propellant chamber. Again, we may think 
of a “drainpipe,”’ which is obviously recoilless, and which was in fact 


The Interior Ballistics 
CHAPTER SEVEN 


of Leaking Guns 


7.1 Introduction 


Although the published literature of interior ballistics is quite exten- 
sive, and the confidential reports are still more innumerable, there has 
been little previous work on the subject to be treated in this chapter. 
Indeed, at the time the author began his own investigations, no other 
theory had been published. It is now known that parallel work was 
being carried out simultaneously in the United States, chiefly by Hirsch- 
felder and Vinti, and also by Strecke in Germany. Until the present 
time, the only open publication in this field is a paper by the writer.! In 
this chapter we shall repeat the mathematical methods given in that 
paper, with a more expanded discussion of the practical consequences. 

There are at least three fields of application of these theories. First, 
we can now calculate the ballistics of a worn orthodox gun, in which 
gas is able to leak past the projectile in the earliest stages of its motion. 
The leakage is particularly noticeable when the shot is held in the 
mouth of a cartridge case (fixed ammunition), for then in a worn gun 
there is a long “‘runup”’ before the band engages the rifling. 

A second application, to be discussed later, is to smooth-bore guns 
without obturating device on the projectile. The most familiar example 
is the muzzle-loading smooth-bore mortar. Here the projectile is a 
finned bomb with a diameter less than the caliber of the mortar. The 
leakage of gas lowers the peak pressure and the muzzle velocity. This 
would be of little consequence if the bomb diameter were the same from 
round to round, but, in practice, a manufacturing tolerance must be 
allowed. This causes a spread of muzzle velocity, inflating the dispersion 
that would occur from variations of charge and shot weight. Although 
the existence of this effect was known, its quantitative evaluation had 
not been attempted before the treatment sketched in § 7.4. This has 


1 Corner, Proc. Roy. Soc. (London), 188A (1947), 237. 
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Fig. 7.2 A German 15-cm recoilless gun (LG 290) firing an 84-lb shell at 1020 ft/sec. 
Weight in firing position, as shown, 1400 Ib. 
Reproduced by permission of the Royal Society, London. 


Fia. 7.3 Section through a typical recoilless gun, showing the plastic disk, which 
seals the base of the cartridge case until a certain pressure has been built up. 
Reproduced by permission of the Royal Society, London. 
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used as a gun by Riabouchinsky.? By forming a constriction of suitable 
form in the pipe we arrive at the gun shown in Fig. 7.3; this form uses 
less charge than the plain drainpipe but can be made equally recoilless. 
Finally we can regard the recoilless gun as a Davis gun in which the 
counterprojectile thrown to the rear is propellant gas; this device reduces 
the weight of the counterprojectile and, what is equally important, the 
rear barrel is eliminated. 

The history of this type of recoilless gun appears to begin with the 
work of Cooke.’ German experiments began about 1937, and the first 
production types, the 10.5-cm and 7.5-cm LG 40, were used in the 
invasion of Crete. Other types built in Germany included the 5.5-cm 
MK 115 automatic, and 8.8-cm recoilless guns for light boats and air- 
craft. The largest was the 28-em DKM 44, a coast-defense gun firing 
a shell of 694 lb at 2450 ft/sec. American interest in recoilless guns 
dates from 1943,5 and details have been published ê of the 57-mm and 
75-mm recoilless, low-pressure weapons. 

In recoilless guns the leakage is far from being just a small correction 
to be added to the normal ballistic solution. While the charge is burn- 
ing, about half the gas evolved goes out through the nozzle, only the 
other half remaining to increase the pressure in the gun. It will be clear 
that this enforces a more detailed solution than that which is adequate 
for the other applications we have mentioned earlier. The theories 
sketched in this chapter were in fact studied because of the appearance 
of recoilless guns in action. 


7.2 The classical theory of nozzles 


The flow of a compressible fluid through a nozzle, which first converges 
and then diverges, can be treated very simply by the classical one- 
dimensional approach. It is assumed that the condition of the fluid is a 
function only of the co-ordinate x measured along the axis of the channel 
and is therefore uniform across each normal cross section. Further 
assumptions that are made are (a) that loss of heat to the walls and 
turbulence and surface resistance can be neglected, and (b) that the fluid 
does not separate from the walls. For well-streamlined channels a gives 
results that are correct to a few per cent, and, as may be seen later, the 
error can be eliminated by using an empirical correction factor never 


2 Riabouchinsky, Mém. artillerie franç., 2 (1923), 689. 

3 Cooke, U. S. patent 1,380,358. 

4 A sketch of the German development of recoilless guns for aircraft was given by 
Corner in Aircraft Eng., 19 (1947), 378. 

5 Studler, Army Ordnance, 29 (1945), 232. 

€ Army Ordnance (Sept., 1945). 
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far from unity; b is, in the same circumstances, true until the pressure 
in the gas as it leaves the nozzle falls to approximately the external 
pressure. As we shall not, in this book, have to deal with problems in 
which exit pressures are as low as this, we are spared the discussion of 
this more complicated region in which separation and shock waves can 
occur. The matter has some importance, however, in the design of 
rockets. 

Let the cross-sectional area of the channel be S(x), with p, p, T, and v 
as the values of pressure, density, temperature, and velocity at position z. 
Take suffix r to refer to quantities in the large reservoir where the fluid 
originates and where, therefore, the velocity is zero. Let suffix t refer 
to conditions at the throat. 

We restrict our attention at first to gases obeying the equation of 
state of a perfect gas. As is conventional in ballistics, we write R for 
the gas constant divided by the average molecular weight of the propel- 
lant gases. We write y for the ratio of the specific heats at constant 
pressure and volume. We treat R and y as independent of temperature. 

Finally, it must be emphasized that the following treatment is correct 
only for a steady state, though it can be used as an approximation for 
slowly varying flows. 

Since there is no accumulation of gas at any section, 


Spv = constant Q, say, = Sip; (1) 
The expansion of each element of gas being adiabatic, 
pp” = Pir” = Pror | (2) 


From the equation of energy for an element as it passes down the nozzle, 


2 


R 
2 (1, - 1) => (3) 


y=! 


The equation of state of the gas is 


p = pkT (4) 
At the throat 
dS 
as wan) 
dx 
so that, from equation 1, 
ldp tld 
-~—+~-~—=0 (5) 
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With a little reduction, this leads to 


(6) 


and, hence, the other properties of the fluid at the throat are given by 


Pi ( 2 yr i 
i 7 
Pr fpl k 
Pi 2 1/(y—1) 
EN 8 
Pr G + :) i ) 
2yRT, 
v’ = i 1 (9) 
The rate of flow of mass through the system is 
2 ty +1) /2¢y—1) 
Q=y7"% (- ad -) prS(RT,)”4 (10) 
2 cy +1)/2(y—1) 
= y (- r -) pSi(RT,)~% (11) 
We write, in general, 
Q = yp, SRT,” (12) 


where y has the value indicated by equation 11 when there are no heat 
or energy losses. In practical cases with well rounded contours, y lies 
a few per cent below the theoretical value. It is remarkable and very 
useful that y is nearly independent of y when this is near 1.25, the value 
typical of gun propellants. It can be shown, in fact, that y lies within 
1 per cent of 0.66 for the whole range of values of y given by the products 
of modern propellants. 

We have assumed up to the present that the throat pressure as given 
by equation 7 is greater than the pressure in the space into which the 
nozzle exhausts. For y = 1.25, p,/p, = 0.55. In this book we consider 
usually cases in which the reservoir pressure is some tons per square 
inch, while the external pressure is atmospheric, so that the throat 
pressure is far higher than the external pressure. The only exception 
occurs in the ‘‘high-low pressure” gun (§ 8.1). In the latter case equation 
5 is replaced by the condition that the throat pressure is the external 
pressure, which with equations 1 to 4 determines a unique solution. 


The Classical Theory of Nozzles 249 


We return to the example in which the external pressure is less than 
the throat pressure. For y = 1.25, the other characteristics of the gas 
at the throat are p;/p, = 0.62 and v; = 1.05(RT,)”. 

With a general value of y, the conditions at any section can easily 
be written down. The most useful relations are 


2i¥ (yt) /(Y—1) 2 (y—1)/ 
GG) A e 
p =1 2 t ; Pr 


which gives the pressure at any expansion ratio S/S;, and 


T, 2/070) 2 I\GHDY—=D 7 8\2 T 
G GaS O 
T y 1 2 t T, 


which gives the temperature at any cross section. Another useful 


equation is 

2 (y1) iy 

P =——_ RT, hı = (2) | (15) 
Pl Pr 


These equations 13, 14, and 15 are true only so long as p is greater 
than the external pressure. 

In many applications the reservoir in which the gas is at rest may not 
exist, but the “reservoir” pressure, density, and temperature always 
do. T, is defined by equation 3 with T, », any corresponding 
values of temperature and velocity; p, and p, then follow from 
equations 2 and 4. 

For the gases produced by gun propellants the mean molecular weight 
is almost independent of temperature, as was pointed out in § 3.22, and 
R is therefore the same at all points in the flow. Slowly varying states 
are usually treated by the steady-state equations, and in such problems 
R is also independent of time. 

If the gases are in a chemical equilibrium, which is a function of 
temperature, y depends both on the rate of attainment of equilibrium 
and on the temperature. For some rocket fuels this raises such difficul- 
ties in the definition of a suitable mean y that it is better to return to 
first principles and to rewrite equations 2 and 3 in terms of heat con- 
tents. For guns there is less difficulty. At equilibrium with respect to 
the water-gas reaction, y does not vary greatly with temperature and 
is not much affected by the lag, in reaching this equilibrium, which 
appears below about 2000°K. It is easy to choose a mean y for any 
particular case, using of course the tables of chapter 3. 
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7.21 Covolume corrections 


The results of the preceding section apply only to perfect gases. 
Rateau 7 has obtained the analogous results when the equation of state is 


»(- = n) = RT (16) 
p 


where 7 is a covolume, independent of pressure and temperature. The 
equation of state of propellant gases has been discussed in chapter 3, 
where it was shown that the conventional equation 16 is less accurate 
than a certain equally simple alternative. However, equation 16 is 
sufficiently accurate for the present calculations. 
Write 
NPr 


(17) 


é = 
1 — npr 
This dimensionless parameter ¢ is a measure of the effect of the covolume. 
A reservoir pressure of 25 tons/sq in. corresponds to e & 0.35. 
The adiabatics of equation 16 are 


1 Y : 

p. (- — n) = constant (18) 

p 

Rateau has obtained the correction terms for the special case y = 1.25, 

which is close to the value for the gases used in guns. The equation 6 

is replaced by 
Tı 


1 — 0.05 0.018 + O(é 1 
T, ea Oc + 0.0186 + Ofe’)] (19) 


and equation 7 by 


Pt 
Pr 


2 \vG-) 
= (- -) [1 — 0.2486 + 0.117 + O(e*)] (20) 


It should be noted that the equation of energy, formerly equation 3, is 
now 


v? yR 
3 (T, — T) + (pr — p)n (21) 
y— l1 


so that 


2y "4 
v: = ( Rr) (1 + 0.599e — 0.128) (22) 
y¥+1 


7 Rateau, Comp. rend., 168 (1919), 330; also Mém. artillerie franç., 11 (1932), 5. 
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The rate of flow through the nozzle is 
9 (y +1) /2(y¥—1) 
) p,Si(RT,)~4(1 — 0.224 + 0.104) (23) 


Eig 
Q "(— 


At the highest e reached in normal ballistics, e = 0.35, the correction 
terms in equation 23 amount to only 6% per cent. Thus this correction 
can almost always be neglected. 

In calculating the thrust obtained from a nozzle (§ 7.22), it turns 
out that we need the quantity v/v: where v is the velocity where the 
cross section is S. The following equation, 


2 1 2 yl 
(>) e os [1 + o2 -= (5) 
vi (y — 1)(1 + 1.26) yt1\wS 


[i+ pË) ome] on 


is correct to terms of order e and can be solved Humencaly by successive 
approximations. 


7.22 Thrust on a nozzle 


Let the velocity and pressure at the exit section of area S, be v, and 
Pe, respectively. Let Pa be the atmospheric pressure. 
From momentum considerations, the force F on the nozzle is 


F = Que + Se(pe — Pa) (25) 


and, if we neglect the atmospheric pressure, as may always be done in 
the applications we shall make, we have 


F = Qu. + Sepe (26) 


It is of interest to consider first a channel that converges to a throat, 
with no diverging part. In this case, 


F = Qu; + Sipi (27) 
which, from equations 20, 22, and 23, reduces to 


2 yily—1)}) 
= (y + 1) (- = -—-) DrSi(1 + 0.097 — 0.036) (28) 


where, as usual, the terms in e are correct only for y = 1.25. The mo- 
mentum term on the right of equation 27 is just y times the pressure 
term (omitting terms in e). The factor (y + 1)[2/(y + 1)]”°~” varies 
from 1.242 to 1.255 as y is changed from 1.2 to 1.3. 
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Now suppose that the nozzle throat is gradually widened until it is 
of the same diameter as the reservoir, until, in short, the whole system is 
simply a pipe of uniform section, open at one end and closed at the other. 
The only thrust on the pipe comes from the pressure on the closed end, 
and the thrust is therefore pS: This shows that equation 28 cannot 
be used in all circumstances. Only for a small throat area (relative to 
that of the reservoir) can equation 28 be used, and it is obvious that 


TABLE 7.1 THrust COEFFICIENT OF A NOZZLE, ¢ = F/p,S; 


y = 1.2 4¥=13 

S/S «= e = 0.2 e= e = 0.2 
1 1.242 1.266 1.255 1.280 
1.2 1.318 1.355 1.327 . 1.336 
1.4 1.369 1.403 1.374 1.381 
1.6 1.408 1.440 1.409 1.414 
1.8 1.439 1.470 1.438 1.440 
2 1.466 1,494 1.461 1.462 
2.5 1.516 1.540 1.505 1.503 
3 1.554 1.575 1.537 1.534 
3.5 1.583 1.602 1.562 1.556 
4 1.607 1.624 1.582 1.575 
5 1.644 1.657 1.612 1.603 
6 1.673 1.683 1.635 1.624 
8 1.713 1.720 1.667 1.654 
10 1.742 1.747 1.689 1.675 
2 2.247 2.211 1.964 1.934 


equation 28 is an overestimate when the throat area is greater than 80 
per cent of the area in the main channel before the throat. It is probable, 
however, that the accuracy of equation 28 becomes rapidly greater as 
the throat area is reduced beyond this value and is sufficient for work 
on recoilless guns. 

When there is a divergent part to the nozzle, the thrust, to terms of 
order e, is given, in terms of a dimensionless ‘‘thrust coefficient,” by 


F ( 2 A Ve 
= = y — (1 + 0.3756) 
: Prt oh I Ut 


SATTE NT 2 \wa-n vt 
4 =) (=) ( ) fı - (1.029 — 0.780 ) e (29) 
é Ve Y + l Vee 


For given S,/S,, y, and e, the right-hand side can be evaluated by using 
the results of equation 24. Table 7.1 gives the results for y = 1.2 and 
1.3 and for e = 0 and 0.2 and is intended to be used for linear interpola- 
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tion between e = 0 and 0.3 and y from 1.2 to 1.3. Although the results 
are smooth to the three decimal places given, the last place is intended 
only to prevent the accumulation of rounding-off errors in interpolated 
values. Two decimal places represent the real accuracy of the calcula- 
tions, except that for e = 0.3 the neglect of terms in e° is likely to cause 
an error of a little more than 1 per cent. The intervals of tabulation 
have been so chosen that linear interpolation with respect to e, y, and 
S./S, leads to errors of less than 1 per cent. Both the & errors and the 
errors of interpolation are less than the deviations between real nozzles 
and our simple theory. 

A point that is shown clearly by Table 7.1 is that the thrust increases 
very slowly after S./S; has reached, say, 6. 


7.3 The equations of interior ballistics of a leaking gun 


7.31 Assumptions of the theory 


In chapter 1 we have discussed the various gradations between ballistic 
“schemes” and ‘‘theories,”’ and examples with claims to simplicity and 
accuracy have been given in chapters 4 and 5 respectively. In the 
present chapter we start by finding a set of equations that generalize 
those of chapter 5 and are of essentially the same order of accuracy. 
We sketch the method of solution by numerical integration. A simpler 
solution is then presented for the case where the rate of burning is pro- 
portional to pressure. A still simpler method consists in a reduction to 
an ‘isothermal’ model, which is closely related to the simple but useful 
methods already explained in chapter 4. This reduction is particularly 
valuable for grasping the connection between the ballistics of leaking 
and of orthodox guns, and, accordingly, we place this method imme- 
diately after the most general equations have been derived. 

To begin with the assumptions underlying the most accurate equa- 
tions, we may list 

1. The use of a rate of burning (of the web) BP*; 

2. The inclusion of a covolume, independent of temperature; 

3. Bore resistance is neglected, though it is not difficult to include it, 
and this is indeed done in § 7.513; for the present, however, we replace 
the resistance by ejther a shot-start pressure vanishing immediately 
after engraving or an equivalent “correction” of 8 in the rate of burning. 

The following assumptions are associated with the features peculiar 
to a leaking gun. 

4. No unburnt propellant is lost through the nozzle. This is obviously 
true for smooth-bore guns with a small leakage area between shot and 
bore and also for worn orthodox guns. In many types of recoilless guns 
the propellant is effectively trapped by the cartridge case. Even in 
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the most unfavorable type, that of guns shown in Fig. 7.3, the losses of 
unburnt propellant are small unless the charge burns very slowly. It 
will be shown in § 9.51 that this result is to be expected from a considera- 
tion of the forces acting on the propellant. The assumption may be 
expected to break down for charges of chopped propellant. 

5. We assume that the bursting of the disk, which closes the nozzle, 
and the setting up of the flow out of the gun can be represented by the 
use of the familiar equations for quasisteady flow through nozzles 
(§ 7.2) beginning instantaneously at a certain pressure, which we shall 
call the “‘nozzle-start pressure.” 

The use of this idealization requires a certain amount of care. For 
guns with thin bursting disks, such as the paper or sheet brass used in 
certain designs, the breaking of the disk occurs at a time when the rate 
of increase of pressure is small; hence in the time taken by the flow 
through the nozzle to start and settle down the pressure in the chamber 
does not rise much. The nozzle-start pressure is low—indeed such guns 
can usually be treated on the assumption of a zero nozzle-start pressure. 
Thickening the disk delays the initial nozzle flow until an epoch when 
the pressure is rising rapidly, and the “nozzle-start pressure” under 
these conditions is considerably greater than that needed to break the 
disk. The apparent ‘‘nozzle-start pressure” would therefore be expected 
to show a very rapid increase with disk thickness, once this has passed 
a certain critical value. This appears to be borne out by experiments 
with German recoilless guns, where plastic disks as thick as a third of a 
caliber have been used. A theoretical analysis appears to be possible, 
following a method of Carriére.® 

If we follow out the consequences of our assumption that the steady 
flow out of the nozzle is set up immediately the nozzle opens, then it 
is found that, if this nozzle-start pressure is zero, the initial temperature 
must be slightly less than To, the temperature of uncooled explosion 
(see chapter 3 for definition). This is a defect of the assumption, since 
the initial temperature is certainly equal to To, if we neglect heat loss 
to the walls. However, the errors in the pressure are small and occur 
only during the earliest part of the firing. 

In our basic equations and in the more exact of the methods of han- 
dling them (§ 7.37), we do not assume that the leakage area is constant 
during the firing. In most recoilless guns the area is in fact constant. 
In certain other vented weapons the area does vary; the most obvious 
example is a worn orthodox gun, firing fixed ammunition, where the 
leakage area is greatest at the start of shot motion and decreases rapidly 
to zero as the projectile moves along. The Germans have also carried 


8 Carrière, Proc. 7th Intern. Congr. Applied Mech. (London, 1948). 
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out trials of a recoilless gun whose vent area was varied in rough relation 
to the bore resistance; the idea was to reduce the momentary resultant 
thrust on the carriage, a point that will be discussed in § 7.61. The most 
noticeable effect seen in these trials was erosion of the mechanism. 

We come next to our more rapid method (§ 7.38), which uses a rate 
of burning proportional to pressure and represents initial resistance by a 
“‘shot-start pressure.” This is no doubt a violent idealization, but, as 
the justification is the same as for an orthodox gun, we may refer to 
the discussion of § 5.3. 


7.32 Notation 


Let the area of the cross section of the bore be A and the chamber 
volume, measured out to the throat of the nozzle, be U. Let the charge 
weight be C and effective shot weight W—in the latter one can include 
corrections for rotational inertia and the motion, if any, of the gun 
barrel. We take S as the area of the throat through which the gas 
escapes. We write the shot travel at time ¢ as x and the velocity as V. 
Let the function of charge burnt be ¢, and the mass of gas present in 
the gun be NC. As in our treatment of orthodox guns, we denote the 
remaining least dimension of propellant grain by fD, where D is the initial 
web size. The quantities ¢ and f are connected by the form function, 
usually written as 


s=0-—pasH (30) 


where @ is the “form factor” of the grain. 

Let the propellant have covolume 7, density 5, diametral rate of 
burning 8P% at pressure P, and let the uncooled explosion temperature 
(without performance of external work) be 7'9°K. Let RT be the “force 
constant” of the propellant. The equation of state of the products of 
uncooled explosion is therefore 


P(v — n) = RT 
where v is the volume per gram. We have also 


pu = —fP* (31) 
dt 


7.33 Pressure and density distributions in the gun 
The conventional approximate theory of the pressure gradient in an 
orthodox gun assumes that the density of gas is independent of position 
in the gun. This theory is sketched in chapter 9, and some of its conse- 
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quences have already been used in earlier chapters. The results that 
we wish to use here are that the 


Lo 
3W 
Space-mean pressure = r P (32) 
1 ane 
jä 2W 
where P is the pressure at the breech, and the 
P 
Pressure at shot = a (33) 
oe 
ii 2W 


For a gun with leakage some allowance must be made for the fact that 
the quantity of gas in the gun does not increase up to the full value C. 
Allowance must also be made for the velocity distribution in the gun 
being altered if the leakage is backwards through the breech; this occurs 
in recoilless guns of the type shown in Fig. 7.3, but not in smooth-bore 
mortars or worn orthodox guns. To cover these possibilities, we may 
replace C in equations 32 and 33 by kC(N + 1 — ¢), where the numerical 
factor k will be unity for forward leakage and should be reduced con- 
siderably for free venting through the breech. A more detailed investi- 
gation shows that k varies during the motion of the shot, owing to the 
movement of the stagnation point in the gun. To follow up this effect 
would lead us rather far from our main theme, and so we simply use k 
here as a semiempirical factor. 

It is possible to use, instead of kC(N + 1 — ¢), the alternative expres- 
sion kCN, which is analogous to the replacement of C by C¢ in equations 
32 and 33 for orthodox guns. The form kCN is more convenient in 
application, and its use instead of kC(N + 1 — ¢) alters muzzle velocity 
and peak pressure by not much more than 1 per cent in most cases. 


We use, therefore, 


P 
Space-mean pressure = ——— (34) 


and 


P 
Pressure at shot = =———— (35) 


where P is the maximum pressure anywhere inside the gun at the instant 
considered. 
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We assume that the gas density is uniform along the gun. Let this 
density be p. Then, 
ca - 
p[u+4r-“—*] - we (36) 


Let T°K be the mean temperature of the gases at the instant considered. 
We have, from equation 34, 


p(- )- rr(i+——) 
p iS n 6W 


which, with equation 36, becomes 


ca — 
p|u+ ar- 22 


CN | = NCRT (1 + —) (37) 
A 6W 
Numerical examples have shown that for guns with a substantial leak, 
such as recoilless guns, this equation may usually be replaced by 


P (v Ae =) = NCRT (1 a ~~) (38) 
aie he 6W 


with ample accuracy, right up to the time when the charge is all burnt, 
= 1. In a typical case, the error in the pressure due to the use of 
equation 38 was at most 44 per cent, which occurred in the early stages; 
the error decreased with time until ¢ = 1 and was 0.3 per cent when 
@ = %4. This is about one tenth of the corresponding error in an 
orthodox gun at the same stage of burning. 

In exceptional cases we have found errors of as much as 10 per cent 
in pressure due to this approximation. It has been found that for a 
given gun and projectile these percentage errors are almost independent 
of the loading and initial conditions and are substantially constant over 
the important period of high pressures in the firing. These observations 
justify the following method of correction; we use equation 38 always, 
ahd on our first calculation with a new type of gun we find the percentage 
error at maximum pressure due to the use of equation 38 instead of 
equation 37. If this error is appreciable, we correct all future runs by 
this factor. In the exact method it is necessary only to multiply NCRT 
by the appropriate factor to get the corrected pressure. In our approxi- 
mate method (§ 7.38) we absorb the correction into RT, using the cor- 
rected value, say RTo1, to replace RT only in equations 72, 84, 85, 90, 
and 91. 
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Where the leakage is small, as in smooth-bore guns and eroded guns, 
the approximation 38 is no more accurate than in orthodox interior 
ballistics. 

After @ = 1, the approximate equation 38 becomes inadequate in all 
cases, and in this part of the solution we shall use the exact equation 37. 

The equation of motion of the shot is 


where W, is a modified shot mass, which from equation 35 is equal to 
W, = W + $kCN (40) 


Corrections for recoil, if any, of the gun and for rotational inertia and 
bore resistance may be added to W, if desired. 


7.34 Nozzle flow and energy relations 
It has been shown in §§ 7.2 and 7.21 that the rate of flow through the 
nozzle is 


Q = ¥p,S(RT,)~* (41) 


where p, and T, refer to the reservoir conditions, and y is a numerical 
factor, which would be 0.66 if there were no energy losses and which 
lies a few per cent lower for leakage channels of good shape. Covolume 
corrections reduce the flow only slightly, by only 614 per cent even at 
pressures around 25 tons/sq in. and thus may be neglected. Their 
mean effect can be taken into account by a slight change in y between 
high- and low-pressure firings in the same gun. We may now identify 
p, with P and T, with T, the latter introducing a relative error in Q 
of order KCN /30W. Hence, 


aN = do ySP 
dt dt (RT)* 


(42) 


We come now to the equation of energy. In time dé the gas gives 
kinetic energy AP dz to the shot and the gas in front of the stagnatidn 
point; a mass C dọ is evolved from the propellant, and C(d¢ — dN) 
passes out through the nozzle. We divide this process into three steps. 

1. The gas, of internal energy NCE(T), provides kinetic energy 
AP dz; in this stage the temperature changes by 


AP dz 
CNe, 


dT = — (43) 
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where c, is the specific heat (at constant volume) of the gases, at tem- 
perature T; since c, = R/(y — 1), equation 43 can be written as 


(y — DAP dz 
N dT = — ————— 4 
CR (44) 


2. A mass C dọ, with internal energy E(To)C dẹ, enters the gas; hence, - 


C do E(To) = CNe, dT + C dọ E(T) 
and so 


do 
dT = W (To — T) (45) 
if c, is constant over the range T to To. 


3. A mass C(dọġ — dN) escapes through the nozzle. Since ii expan- 
sion is adiabatic, we have 


T Py = (7% E (- : n) 


or 
dT _ (y — 1) dp 
T (1 — nop 
Also 
dp dN — dọ 
p a N 
Hence, 
a teeni ee (“* > *) (46) 
z a. — € 
ial N 
Summing all three effects 44, 45, and 46 iy 
N dT ( 1) AP dz LT n“ 
n° ee V 
tiena +or(2 “) 
em i T Behe 
$ dt dt 
and using equation 42 yields 
AP dx = 
= —(y —1)—— ae >j RT)” 
© (NT) (Y rna a 7 [y + (Y 4 = ( ) 
(47) 


The term in e can be omitted with a relative error of 7 per cent at e = 0.35, 
which is almost exactly compensated by the error in using a single ¥ 
throughout a solution. 
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Heat losses can be included in the way explained by Kent and Vinti 
(see § 4.23); if the loss can be approximated by xW V°, with x con- 
stant during the firing, then one writes 


F- l= — Dd +x) 


-and replaces y by 7 in that term of equation 47 which involves dx/dt. 
Thus one arrives at 


d AP dx dọ  ySP(RT)” 
NEY seal og tat VY ee a ee 48 
aS ) (7 Ru t dt CR a 


7.35 Summary of the equations 


With nozzle open, shot in motion, and charge not completely burnt, 
we have 


(38) P (v +A ~) = NCRT (1 + =) 
ee eh 6W 
(39) w, 7 = AP 
‘de 
(40) W, = W + 4kCN 
df 
3l D— = —sP* 
(31) p7 B 
(49) 
(30) @ = (1 —f)(1 + af) 
(42) ay = & = Eaa 
dt dt C(RT)”% 
d(NT) APdx _ dé 
(48) dt (7 OR u dt 
yYSP(RT)” 
CR 


Various special cases are derived thus: before the nozzle opens, 
S = 0; before the shot starts, x = 0; after “all burnt,” ¢ = 1, and 
equation 38 is replaced by 


kCN 
P(U + Az — CNn) = NCRT (1 + —) (50) 
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7.36 The equivalent nonleaking ballistic problem 


In this section we shall deal with a simplified version of the set of 
equations 49, and by comparison with the analogous equations for an 
orthodox gun we shall show the nature of the effects produced by gas 
leakage. The level of approximation is essentially that of the ‘‘iso- 
thermal” model discussed in chapter 4. 

We assume that the shot finds no initial resistance to motion and 
that the nozzle flow is established at a low pressure. In practical appli- 
cations it is possible to make partial correction for these approximations 
by adjusting the rate of burning. We assume, also, that the rate of 
burning is proportional to pressure and that the leakage area S is 
constant. 

Placing S = 0 in equation 49, we return to the equations of an ortho- 
dox gun. The variation of the gas temperature with time is decided by 
the competition between the two terms remaining on the right of 
equation 48: the first term represents the lowering of the energy of the 
gas by the work done on the projectile; the second term corresponds to 
the increase of energy by the burning of the propellant. The competition 
between these terms leads, as has been illustrated in chapter 5, to a gas 
temperature that falls only slowly from the initial value Tọ, though the 
decrease becomes rather more marked toward the end of burning; after 
the propellant has been consumed, there is of course a further drop of 
temperature during the adiabatic expansion of the gases. 

When there is a constant leakage area S, there is an additional term 
on the right of equation 48, tending to lower the temperature because 
of the work done in pushing gas out of the nozzle. The effect on the 
(temperature-time) relation depends chiefly on the ratio S/A, where 
A is the cross-sectional area of the bore. For recoilless guns with nozzles 
of reasonably good shape, S/A lies near 0.65, and in such cases the 
temperature shows a rapid drop after the nozzle opens, thereafter 
flattens out, and later shows the increasing rate of decline characteristic 
of normal guns. For most of the period of burning the gas temperature 
in the recoilless gun lies near 0.9 of the mean temperature in the corre- 
sponding period of an ordinary gun. 

We shall approximate to both leaking and sealed guns by equations 
in which the temperature is given a mean value during the period of 
burning. For a normal gun this mean should be about 0.9 To (see 
§ 5.25), whereas, if we neglect n — (1/5), the proper mean rises to about 
T at 20 tons/sq in. The mean to be used with leakage depends chiefly 
on S/A, decreasing to about 0.857) at S/A = 0.7. Thus we may ex- 
press one effect of leakage as a decrease in the effective force constant 
of the propellant, by as much as 10 per cent in a fully recoilless gun. 
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We write the mean value of RT as. Then, by integration of equa- 
tion 49, using a = 1, we find 


p(u +42 -=)= cna —f)(1 — Vv + of) (51) 


after omitting a factor (1 + kCN/6W) from the right; this factor is 
never far from unity. We have written 


YSD 
= (52) 

pCr* 
The dimensionless parameter WV is, as we shall show, the fundamental 
quantity expressing the effect of leakage on the interior ballistics. 
The values of Y found in practice fall into two distinct classes. In the 
first, appropriate to smooth-bore guns and mortars and leakage due to 
erosion, WV is of the order of 0.1. We shall see that in this region the 
deviations of the ballistics from that of normal guns can be expressed 
as linear functions of Y. Larger values of ¥ do not appear in practice, 
at least not in our experience, until we reach values in the range 0.4-0.6. 
These are obtained in firings of recoilless guns with tubular propellant. 
When cord is used, rather larger values of ¥ are found. However, cord 
is but little used in recoilless guns, for a reason that will appear soon. 

We may write equation 51 as 


p(u + Ar — 3) = C(1 — F)A(1 — f)(1 + Of) (53) 


where 


0 
6! = 54 
=e (54) 


An orthodox gun with a charge C(1 — WV) of propellant with mean 
force constant à and form factor 6’ would have, instead of equation 53, 
the equation 


a) =C — YAU f+ 67) (55) 


P| U+ As- 


which differs from equation 53 in a term that is important only for high 
densities of loading. Indeed the term C(1 — ¥)/ô is correct only at 
the start of motion in an orthodox gun, this term later increasing to 
C(1 — W)n, which is about 60 per cent greater. Thus, up to “all burnt” 
the leaking gun behaves almost as if it were an orthodox gun with the 
same dimensions, the smaller charge C(1 — Y), the bigger form factor 
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6’ = 6/(1 — Y), and a force constant reduced as described in an earlier 
paragraph. 

Since @’ is numerically greater than 9, it is clear that a propellant shape 
that is degressive in an orthodox gun is even more so in a leaking gun— 
hence the tendency not to use cord in recoilless guns. For the same 
reason, the virtues of a progressive burning shape are especially pro- 
nounced in recoilless guns. 

It is also possible to approximate to the recoilless gun by a normal 
gun with the same charge C, form factor 6’/(1 — Y), and smaller force 
constant A(1 — Y). However, the variation of force constant between 
different existing propellants is small, and therefore this large change 
of force constant is rather outside the experience of the working ballis- 
tician, unless he is familiar with charges of gunpowder. 

The “effective charge,” 

VSD 


Œ =C- Y) = C- 
(1-4) ai 


(56) 


This may be recast into a form that brings out more clearly the sig- 
nificance of the separate terms. We have, from equations 31 and 39, 


Pv 
Dü = zy 22 T (57) 


and so, if we write Vg for the velocity when the propellant is just burnt, 


D Wvs 
B A 


For a typical gun, Vg is about 80 to 90 per cent of the muzzle velocity 
Vg, and so one may use 
D 0.8W,Vg 
= SS (58) 
B A 


For an orthodox gun with an expansion ratio of the order of 5, the 
energy of the shot at the muzzle is 


1 C’RT 4C’ 
- Wi Vg? = ——_ = — 
3 3(y — 1) 3 
Substituting from equations 58 and 59 in equation 56 gives 
3 Wi Vg? SWiV. 
a gs VOW VE 
8 A Ay” 


(59) 


oy 
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These terms may be regarded as the “part that pushes” and the “part 
that leaks,” respectively. For a recoilless gun, S/A œ 0.65, and 
y = 0.63, so that 

Pe 3W, Ve" Wi Vg 


8r 3x4 


c (60) 
The second term on the right may be regarded as the charge thrown 
backwards to balance the muzzle momentum of the shot. 

A formula of the same type as equation 60 was used by certain German 
engineers for the design of recoilless guns and was based on the argu- 
ment that part of the charge pushes and the rest balances the recoil. 
Actually the coefficient of W,Vg?/à was taken to be rather greater 
than 3%, and the coefficient of W,Vz/d” was determined by fitting to 
firings with “reasonable” charges. It can be seen that this is not exact, 
though it does give a useful guide in preliminary design. The basic 
reduction to an orthodox gun holds only up to the end of burning. 
Afterward, as will appear in § 7.39, the pressure-space curve shows a 
much more rapid drop than in a normal gun. It is clear that the factor 
3% ought to be increased on this account, as was indeed done by the 
Germans. Another reason why this factor ought to be increased when 
dealing with practical recoilless guns is that, as the charge is larger 
than in normal guns, the expansion ratio tends to be smaller than nor- 
mal, and the muzzle energy per unit of effective charge C’ is therefore 
lower than in most orthodox guns. 

A formula that is fairly satisfactory up to velocities around 2000 
ft/sec is 

C 2 


ane 
2 23 


W (61) 


where x = Vg/(RTo)”. 

It is possible to attack the problem of Lagrange corrections from an 
empirical standpoint, by starting from an equation of the form of 
equation 60. 

Strecke? has constructed a theory based on the assumptions we 
have used in our present reduction to an orthodox gun: mean gas 
temperature during burning, rate proportional to pressure, effective 
covolume equal to the volume of the initial charge, and nozzle opening 
at the same time as the shot starts. His work is more general in that 
he uses a shot-start pressure to represent initial resistance, and is more 
special in that he considers only propellant with constant burning 
surface. Since he makes considerable use of the balance of momentum 
during firing, his method is applicable only to fully recoilless guns; the 


’ Strecke, DWM—FMB no. 13. 
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methods given in the present chapter can be used whatever the extent 
of the leakage. 

In an orthodox gun the muzzle velocity is, for small changes in the 
charge weight, proportional to the charge to the power n, where n de- 
pends on the details of gun, charge, and projectile. A common value 
for n is 0.7. When there is leakage, the effective charge is C(1 — Y). 
Hence for the effect of a small leak when the charge or web size is not 


altered, we have Ve œ (1—W)"~1— nY (62) 


in which, it is to be noted, n is certainly nonzero; actually the ineffi- 
ciency of a leaking gun after “all burnt” causes n to be rather larger 
than for the orthodox gun with the same “effective” charge. 

The peak pressure can be treated similarly. For propellants with 
@ nearly zero and not too fast a rate of burning, the maximum pressure 
is, by equation 24A of chapter 4, proportional to the square of the 
charge; hence, 


Peak pressure œ (1 — ¥)? = 1 — 2y (63) 


Exceptions to this rule are fast charges, in which the pressure has its 
peak at “burnt,” and charges of cord. These can also be treated by 
the reduction to a nonleaking gun, followed by the use of the formulas 
of chapter 4. 

The central ballistic parameter of orthodox ballistics is, omitting 
corrections for pressure gradient, 


A? D? 
~ BCWRT 
which for small Y behaves as 
Mal1l+y (64) 


An important and useful point is that these ballistic quantities are all 
linear in ¥. 

When we consider not small ¥ but small changes in a large Y, we 
find that such quantities as (1/Vz)(dVg/d¥) have a factor (1 — Y) 
in their denominators. It follows that recoilless guns, where Y} is of 
the order of 0.5, are more than normally sensitive to changes in web 
size or rate of burning. Furthermore, the lower the velocity, the bigger 
is Y, so that low-performance weapons are the most troublesome in this 
respect. A factor that enters in all low-pressure guns is the unusually 
big influence of engraving conditions, since the ratio of shot-start pres- 
sure to maximum pressure is large. If we combine these facts, it is 
easy to see why low-pressure, low-velocity recoilless guns are a head- 
ache for the ballistician. 


(see equation 15 of chapter 4) 
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7.37 Numerical integration 
The set of equations 49 can always be integrated numerically in a 
straightforward way. It is convenient to write these equations in terms 
of nondimensional variables. We write 


Ç 
ias 
ô 
z= wit i= 
A 
S= pA 
ADI 
t = T 
BCRTo 
so that 
E BCRT dé 
>- AD dr (65) 
T = Tor” 
CRT 
pig = PTO 
Ç 
IE T 
6 
and we put 
A*D? ySD 
= ——— and ¥ = ———— 
8°WCRT> BC(RT 9)” 
The set 49 becomes 
(1+ &) = vr'(1 +) 
` x 6W 
dE Mr 
dr? i kCN 
2W 
df CRT 
eo E P (90) 
@¢=(1—-f)(i + a) 
dN d 
EE T 
dr T 


dé 


do 
— — y¥x(T")” 
a a y¥r(T") 


£ wr") = =— (f — 1) 
dr = i ý 
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After “all burnt,” 


m USONA vm (: ‘ = A 
j’ C J 6W 
aaa 


These variables increase the generality of each computed solution. 
They are also useful in deriving relations of similarity. 

The equations can be solved by a step-by-step integration proceeding 
in steps of equal Ar. The method is straightforward. It is possible to 
reduce the labor of computation by the following approximations: if 
we use A to denote increments over a step of the integration, and bars 
to denote mean values over the step, 


AN = Ad — (T) Y A ( f T dr) (68) 


anea EG 
+ A= wiry fra) (69) 


Since (T’)” and [1 + (kCN/2W)] vary only slowly, it is possible to 
use the same average values for several steps in succession. 

Numerical integration is suitable when the nozzle throat area S is 
varying during the firing or when bore resistance has to be taken into 
account; an example where both points arise is the treatment of a worn 
gun (§ 7.5). The set of equations 66 is easily modified to include bore- 
resistance terms. Numerical integration seems to be necessary also 
when æ the pressure index of the rate of burning differs substantially 
from unity. This occurs most noticeably at low pressures (see the 
discussion of § 2.37). The class of recoilless guns does, however, include 
quite a large number with peak pressures as low as 1 to 2 tons/sq in. 

Numerical integration can always be carried out, no matter how one 
may choose to represent initial resistance. The integration need not 
be carried past “burnt.” An analytical solution of ample accuracy is 
available for the period after “burnt” and is explained in § 7.39. 

We see that the leakage introduces two new parameters into the bal- 
listic equations: (1) Y, which is a constant if the throat area is constant 
during the firing; (2) the epoch of opening of the nozzle. 


7.38 Solution with linear rate of burning 
A more rapid method than numerical integration can be used if 
a= 1. This has been built up in a semiempirical manner by a study 
of a large number of numerical integrations and offers a considerable 
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saving of time. We assume that the throat area S is independent of 
time, and the initial conditions are represented by nozzle-start and shot- 
start pressures. We denote conditions at these epochs by suffixes NS 


and SS. 


We shall work in ordinary units except that the temperature T will 


be written as ToT’. The equations of the system are 


df 
pos app 
a F 
¢@ = (l —f)(1 + éf) 
P(u +A =) = CNRT (1 + <) 
MET ° GW 
dV 
W,V— = AP 
di 
Wi = W + 42kCN 
dN d SP 
E N 


dt dt C(RT)” 


d y—-ld de yw SP(T’)* 
a NE ae NE ee 
dt 2CRT o dt dt C(RT») 
Eliminating P from equations 70 and 75 and integrating gives 
SD ~= 
eas y B (f — fns) 
BC(RT 9) vi 
where 
1 1 


f 
=] Space | Pe 
n (f —fns) w ; y 


It is convenient to write, as in § 7.36, 


ySD 
Pan 
BC(RT >)” 
leading to 
Y — 
nea (f — fs) 


1 


(70) 
(71) 


(72) 


(73) 
(74) 


(75) 


(76) 


(77) 


. (78) 


Inspection of a number of accurate solutions has shown that it is suffi- 


ciently accurate to take 


y = }[1 + 3(7")4] 


(79) 
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From equations 70 and 73, 
V — Jas =F) 
=~ ae 
BW, 


or, with the central ballistic parameter, 
A?D? 
{ = ——____ 80 
B°>WCRT (80) 
we have 
_ MCRTW(fss — f}? 


(Wi)? 


2 


This holds from “shot-start” to “burnt.” It is sufficient to take for 
W, over any interval the mean of the values of W, at the ends of the 
interval, so that 

_ MCRTo(fss — f)? 


Wi 


y? 


(81) 
A relation which is useful in practice is 
M € i: C (82) 
vw \ys/ W 


From equations 70 and 76, 
(7 — 1)W, V? 


re OP iy hpi de = r 
NT’ = (NT"')ws + $ — ons CRT. y¥(f — fns)» 
where 
v 
= T^)” d 
VQ f = Tia hae ) f 


Since N = ¢ at nozzle start, and T’ws is accurately unity if Pys < Pss 
and never far from unity under any conditions, 
(7 -— DWV? 


NT’ = ¢ 
2CRTo 


+ y¥(f — fns)» 


which with equations 78 and 81 reduces to 


(p= Deve 17 


¥3 


pei 
| sst — Mss -f (83) 


r [6+ 
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where 


V3 T Vj 


Equation 83 holds after the opening of the nozzle. If the shot starts 
first, equation 83 is used, until the nozzle opens, with ¥ = 0. 
We need also a relation between the travel and the fraction of charge 
burnt. Eliminating P from equations 72 and 73 yields 
A dz WV dV 


TFA C ONRTT € + =) 
K p —_——— — 
ô ” 6W 


CRR (5 Wılfss — f) df 
di CRT € $ =) NT’ 
i 6W 


Adz a ADY? 1 (fss — f) df 
J Cc (=) arom N i 


so that 


where v4 is a certain average reduced temperature. 
This result is true whether shot start occurs before or after the opening 
of the nozzle. We must now distinguish between these two cases. 


Case A. Pys < Psg 

In this case N is given by equation 78 for the whole of the period of 
motion of the shot. Substituting into equation 84 and integrating from 
shot start onward yields 


Ax MI 
In ( + ) mee (85) 


where 


f- (fss — f) df 
s p lso 
Vy 


In the integrand v; is a function of T’, and to make progress one must 
average vı. We find that, writing the average value of ¥/», as Q, 
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_ For 6 # 0: 
a 1 y ? — Ofnvs + (0 +Q — 1)fss — m] 
1 — fys + (0 +9 — If — 0f? 

6+2—1 — feg 

[40(1 — Afus) + (0 + 2 — 1)7)% 
2ef — (0 +92 — 1) 

[40(1 — fns) + (0 + Q — 1)?]* 

2fss — 0 + 2 — 1) | (86) 
[40(1 — Ofvs) + @ +2 — 1)?]* 


This is true only if the arguments of the tanh! terms are less than unity. 
Where any argument is greater than unity, tanh™! should be replaced 
by coth—. 


-+ 
x tanh | 


— tanh! 


For 6 = 0: 
-f5 -f [L-fvs - 01 ae | 1 — Qfys — (1 2] 
1=Q (i — 9)? 1 — Qfvs — (1 — Dfss 


(87) 
We have found that pressures correct to a few per cent can be obtained 
by taking 
50(1 — T’)?(T’ — 0.78) 


I — n = 14250 —-T) (88) 
Q = are 89 
~ 3(7)4 = 1 i 


The fact that v4 is greater than unity for T’ less than 0.78 is due to Q 
being least accurate in this region. The pair of formulas 88 and 89 have 
been chosen to compensate for each other’s deficiencies even at these 
low temperatures. The integral J becomes infinite for Q = 1 and corre- 
spondingly sensitive to Q if Q is near unity. This approximate method 
is unreliable for Q greater than 0.8. In such cases the pressure-space 
curve is very flat, and it is better to integrate equation 73 in large steps, 
using equation 81 and mean values of P; one finds x thereby, and P 
from equation 72, correcting the integration if necessary. This is much 
simpler than carrying out the numerical integration of the full set of 
equations, though the process is of course restricted to fairly flat pressure- 
space curves. The process was suggested by Mr. T. Vickers. 


272 The Interior Ballistics of Leaking Guns 


Case B. Pys > Pss 
Before the opening of the nozzle N = ¢, and so 


Ax IQ = 0) 
In {1 +——-\ = ——— 
C V4 
U =- — 
ô’, 


After nozzle opening N is taken from equation 78 and 
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This integral can be evaluated: 


For 0 ¥ 0: 
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| (93) 


with the usual caution about the replacement of tanh~! by coth™ if 


the argument is greater than unity. 


We give now a summary of the use of these equations. 


We have 


introduced various mean values such as Q and the »’s, and we shall 
give rules for their estimation. These were derived by analysis of a 
number of accurate solutions for various initial conditions, and it is 
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not suggested that they are the only rules that will work. However, 
these formulas are simple, and our experience has shown that pressures, 
velocities, and travels can be computed in this way to within 3 per cent. 
This is sufficiently accurate for routine ballistic calculations, being 
usually less than the error arising from uncertainties in the nozzle-start 
and shot-start pressures. 


Case A. Pysg < Pss 


Solution at nozzle start. Equation 72 with P = Pys, T’ = 1, and 
x = 0 gives Nys = ons. From equation 71 we derive fys. 

Solution at shot start. We guess T’ss. Equation 72 with P = Pss 
and z = 0 gives Nss. If we calculate »; from equation 79, dss and fss 
follow from equations 71 and 78. We take, in this part of the computa- 
tion, 

6(1 — T’) 


24 1080 — T? 


v3 = (94) 
and obtain T’sg from equation 83 with V = 0. The process is now re- 
peated until a self-consistent set of values is reached. 

Solution for any desired f less than fss. We guess T” at this value of f. 
We estimate v3 here as 


vg = 1.75T' — 0.75 (95) 


and then 7” can be calculated from equation 83. We repeat until the 
results are self-consistent. 

To caleulate the corresponding travel we use equations 88, 89, and 
85, with either equation 86 or 87. N can then be computed from equa- 
tions 78 and 79 and the pressure calculated from equation 72. 

Maximum pressure. By calculating the pressure at three or four 
evenly spaced values of f, the maximum pressure can be found by inter- 
polation. 


Case B. Pyg > Pss 


Solution at shot start. Equation 72 with P = Pss, x = 0, and T’ = 1 
gives ¢ss = Nss, and fss follows from equation 71. 

Solution at nozzle start. We guess fys, obtaining V from equation 81, 
@ = N from equation 71, T’ from equation 83 with ¥ = 0, and z from 
equation 90 with vp from equation 88. The pressure can now be calcu- 
lated from equation 72. We repeat with other values of f and interpolate 
for P = Pyg. 

Solution after nozzle start. The only difference from the procedure in 
case Á is that equations 92 and 93 replace equations 86 and 87. 
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7.39 Solution after “‘burnt”’ 

This is so much simpler than the problem during burning that an 
approximate analytical solution can be derived by modifying the method 
used for the same period in the orthodox gun. 

From the exact equations, we have 


d AP dr ySP(T’)” 
(NT) ao ty ot). ose 
a ) (7 ) ORT. di C(RT)”* 
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= — — (96) 
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Let suffix’B denote conditions at ‘“‘all burnt.” We can integrate equa- 
tion 96 by taking mean values of K and 7CN/U, giving 


NT’ U + Arg — CNn 
l = K1 (R 98 
5 fo “EU + Az — CNn “ 
We can write equation 96 in the alternative form 
d KAPV KWV dV 
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From these equations can be calculated close approximations to the 
conditions at any desired travel after “burnt,” and in particular the 
muzzle velocity is easily derived. The detailed working runs thus. 
We know Tg’, tB, Vg, and Ng, from which we compute Kg. We guess 
(T’) and V and N at the assigned value of x. K follows from equation 
97, and we take 

K = 3(Kz + K) 


N = 3(Nz + N) 
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then obtaining NT’ from equation 98. We calculate W + kCN/3 from 
N and then find V from equation 99. PND, N is obtained from equa- 
tion 100, using the mean value 


(T = iT) + (T) 
The cycle is repeated until self-consistent. The number of cycles neces- 
sary depends on the success of the first guess but is normally two. 

Errors in V, N, and T” in a typical calculation of this type for a fully 
recoilless gun were found to be 0.2, —4, and —16 per cent, respectively, 
of the change from “burnt” to “shot-ejection,” that is, about 0.1, —2, 
and —5 per cent, respectively, of the values at ejection. The error in 
muzzle velocity is only a few feet per second, which is usually a trivial 
price to pay for the reduction of computation effected by this method. 

The shape of the pressure-space curve during the adiabatic expansion, 
which in ordinary guns is determined by 7 — 1, is settled here by the 
quantity K. For a typical recoilless gun K is of the order of 2, whereas 
¥ — 1 is only about 0.3; hence, after “all burnt” the pressure-space 
curve falls much more rapidly than in an orthodox gun. 

The process of successive approximations given previously fails to 
converge if the expansion goes so far that almost all the gas passes 
through the vent before the shot reaches the muzzle. In such cases 
the change in K from “burnt” to “ejection” is so large that it is not 
possible to reach the muzzle in one step of computation. There is no 
reason, however, why one should not divide the process into several 
steps, each taking as its initial conditions the final results of the previous 
step. Although expansion down to almost zero pressure and tempera- 
ture is an inefficient way of using a gun, it does occur in practice in low- 
velocity rounds from a recoilless howitzer, such as that shown in Fig. 
7.2. When such a gun, giving about 1000 ft/sec at top charge, is fired 
at a velocity of about 400 ft/sec, we have the following circumstances: 
to be sure of starting the shot, the peak pressure must be near 4 tons/sq 
in.; therefore, to keep down the muzzle velocity to 400 ft/sec, the charge 
must burn out very rapidly; hence, there is a long travel after “burnt,” 
during which T” falls greatly; because V is small, K is large at “burnt” ; 
because (T’)” is small when the shot reaches the muzzle, K is then small; 
hence, this is a case where K varies greatly between “burnt” and ‘‘ejec- 
tion,” and this interval must be broken into two or three steps. Of 
course, the muzzle velocity in such cases can be estimated from equation 
99 with NT” = 0, provided again that one can estimate K. If the gain 
in energy of the shot after “burnt” is sufficiently small, the uncertainty 
in K will lead to an uncertainty in the muzzle velocity, which is adequate 
for many purposes. It should be remembered that such low-velocity 
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results are very sensitive to the initial conditions assumed in the calcu- 
lations, so that analysis of such firings is at best a tricky business. 

The formulas of this section are useful when it is proposed to drill 
the gun near the muzzle. This has been suggested, from time to time, 
as a cure for various difficulties. The effect on muzzle velocity can be 
found by the formulas given previously, the initial conditions being 
taken to be those computed by orthodox ballistics for the shot position 
at which venting starts. Questions involving that old favorite, the 
smooth-bore muzzle extension, can be treated in the same way. 


7.4 Gas leakage in a smooth-bore mortar 


The history of the “mortar” is long, and an attempt to define this 
class is further complicated by the name having been debased through 
its use for many of the more exotic weapons developed in World War 
II. For our present purpose we restrict attention to what is really 
only one subclass but is in fact much the most important. This is the 
muzzle-loading, smooth-bore mortar. The same treatment could be 
applied to any smooth-bore gun without obturating device on the pro- 
jectile. The only smooth-bore gun that is at all common is, however, 
the infantry mortar. 

The question discussed here arises from the weapon being in use in 
such great numbers. Mortar bombs are produced in quantities that, 
although small compared with the astronomical totals of small arms 
ammunition, are much larger than any other type of artillery projectile. 
This means that in wartime there is a constant urge to speed production 
by relaxing tolerances in the specification. This results in a larger num- 
ber of bombs, which, unfortunately, have a bigger dispersion at the 
target. The net result may or may not be an improvement. One step 
toward a decision is to know how the tolerances on the weight and dimen- 
sions of the bomb are connected with the dispersions of muzzle velocity 
and range. Here we shall discuss only the former. 

The connection between weight of bomb and muzzle velocity can be 
calculated from the simple ballistic theory of chapter 4, and it is unneces- 
sary to repeat what was said there. Tolerances on bomb dimensions 
lead to variations in two ballistic parameters. The first is the effective 
chamber volume, which depends on the position of the guide band on 
the body and on the shape of the body behind the band. Surprisingly 
large variations do occur in the chamber volume as a result. The 
associated dispersion of velocity can be found by the equations of 
chapter 4. The second and more important effect of dimensional 
changes is the variation of the leakage between bomb and mortar. This 
leakage is controlled by the diameter of the “‘guide band”’ of the bomb. 
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To study this problem it is convenient to begin by combining all mortars 
in a single expression. 

Let V now denote the muzzle velocity, with other notation as before. 
The loss of velocity AV due to a leakage area S, constant during travel, 
is given, according to § 7.36, by 

AV YSD 

— = -ný = -n ——— 

V BCX” 

where n varies somewhat with details of gun and charge but is usually 
around 0.7. Furthermore, 


D WVg mWV 


(101) 


B A A 
with m around 0.8-0.9. Also, 
Wv? 
C = gy — 1) s 


where q depends a little on the ballistic details and is about 14%. To 
sum up, equation 101 yields 


AV = -— (102) 


where e is of the order of 2000 ft/sec and varies with the propellant used 
and with such matters as the expansion ratios at ‘“‘burnt” and ‘‘ejection.”’ 
The possible variation in e is a factor of 2, if all the variables are given 
their extreme values. As a matter of fact, experience suggests that the 
differences between various types of mortar are smaller than the variety 
seen in “reál” artillery. For many purposes e can be taken to be the 
same for all mortars. 

When the bore area A remains unaltered and the diameter of the 
projectile is reduced to create the leakage area S, the accelerating force 
on the bomb (at equal pressures) falls in the ratio (A — S)/A. This 
causes a further drop in velocity, which is approximately VS/2A and 
may be regarded as included in equation 102 if e is allowed to depend on 
velocity. Since the leakage e is much larger than V/2, «is only a slowly 
varying function of velocity, and the ratio AAV /S is practically the same 
for all mortars. This is a most useful result. 

To carry the matter further, a calculation was made of the effect of 
leakage on a typical 8-cm mortar. The methods used were those ex- 
plained in §§ 7.38 and 7.39. The following data were used: shot weight 
10 lb, total travel 35 in., bore area 8.09 sq in. A charge of 34% oz of 
mortar propellant gave a calculated pressure (at zero leakage) of 2.54 
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tons/sq in. piezo, “all burnt” at 13.8 in. travel, and a muzzle velocity of 
767 ft/sec. 

A solution was then computed for a bomb diameter of 3.16 in., corre- 
sponding to a clearance of 0.049 in. in diameter. It was assumed that 
y = 0.55; that is, the leakage was taken to be 17 per cent less than the 
theoretical value for no friction. This, it will appear, is a fairly good 
estimate of the resistance to flow past the guide band of the bomb. 

The velocity was found to be 690 ft/sec. About 15 per cent of this 
drop is due to the reduced area of the projectile, the rest to the leakage. 
At “burnt” 12 per cent of the charge has escaped, and, when the shot 
is at the muzzle, 18 per cent has leaked away. 

These results give e = 2500 ft/sec for the constant of equation 102. 
We may rewrite this equation in another form. Let d be the caliber of 
the mortar and Ad the clearance, on diameter, between bomb and 
mortar. Then, 


Ad 
AV = =ae (103) 


A value of 2500 ft/sec for e is seen, from equation 101, to be reasonable 
if n is about 1; this is greater than the 0.7 that would be expected from 
our reduction to an “effective charge” acting in an orthodox gun. The 
reason is that this reduction is true only up to “burnt,” after which the 
leaking gun is relatively less efficient. 

For this mortar, 


AV 
a — 1.57 (ft/sec) per (thousandth inch) (104) 


This is a convenient unit for practical calculations. Suppose, for 
example, that the bombs have a mean deviation in diameter of 0.002 
in.; assuming a rectangular frequency distribution, which is a fair 
approximation, this mean deviation corresponds to a total tolerance of 
0.008 in. on the diameters of accepted bombs. This gives an md in 
velocity of 3.1 ft/sec, which is a substantial part of the observed devia- 
tions. The associated range dispersion can be estimated from the 
known range for such a bomb at a velocity of this order. It can be taken 
that the bomb would give about 3300 yards at 700 ft/sec. Working 
back via the ballistic coefficient, the mean deviation in range is found 
to be about 21 yards, and the 50 per cent zone is 37 yards. 

There is some experimental evidence to check these calculations. 
Statistical analyses have been made of firings in 6-cm, 8-cm, and 10.5- 
cm mortars. It is convenient to reduce the observed rate of change of 
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velocity with bomb diameter to what it would be in a caliber of 8.1 cm, 
for comparison with equation 104. The 10.5-cm mortar firings gave, 
when reduced to 8-cm caliber, 1.54 (ft/sec) per (107° in.). A trial in 
an 8-cm mortar was shown by the present writer to yield 1.7 (ft/sec) 
per (107? in.). Finally, American firings of a 6-cm mortar have given a 
mean value of 1.6 (ft/sec) per (107° in.). These three sets of results 
are in excellent agreement with each other and with the theoretical value, 
showing that the coefficient e of equations 102 and 103 is indeed insensi- 
tive to the details of the interior ballistics. That it is little altered by 
changes of muzzle velocity (within the practical range for mortars) has 
been verified by computation and is supported by the experimental 
results for the 6-cm mortar with three of its standard charges: the regres- 
sion coefficients were 1.3, 1.8, and 1.4 (ft/sec) per (107° in.) (when 
converted to 8-cm caliber), in which no statistically significant trend 
can be seen. 

Guide bands of mortar bombs are often given a series of circumferen- 
tial grooves, whose function is usually stated to be the reduction of 
gas leakage by the setting up of turbulence. Of the three mortars 
quoted previously, only the 6-cm has grooved bombs, but e does not 
show any diminution on that account. This and the fact that y = 0.55 
gives good agreement with observation suggest that the flow past the 
band suffers a good deal of resistance, even when the band is ungrooved, 
and a few more grooves make little difference. 


7.5 The ballistics of a worn gun 


In a gun firing separate-loading ammunition, the gradual wearing of 
the gun is reflected in an increased length of ramming. The ballistic 
effects are due to the extra chamber capacity and a rather smaller 
engraving resistance. Gas leakage is very small, and the drop of ballistics 
in a worn gun.can be calculated quite well from the two effects men- 
tioned. 

When the gun fires fixed ammunition, the situation is quite different. 
Figure 7.4 shows the relative dimensions of lands and grooves of the 
bore and the driving band in a very badly eroded gun. The scales are, 
of course, different in the axial and radial directions. The new gun 
conditions are shown for comparison. 

The propellant used during most of the life of this gun had the rela- 
tively high explosion temperature of about 3300°K. This is responsible 
for the marked concentration of wear near the commencement of rifling. 
Cooler propellants give a wear that is more evenly distributed than that 
shown here, though there is always most wear near the commencement 
of rifling (C of R). 
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In the new gun the undeformed band engages the shot seating slope 
at a point 0.13 caliber back from the C of R. The length of the cartridge 
case is arranged to bring the band almost to this position. When the 
pressure in the cartridge case rises, the crimping of the case to the shot 
fails, and the band of the projectile engraves after an extremely short 
free run. The pressure needed to release the shot from the case is small 
by ballistic standards, of the order of 9 ton/sq in. 

In a gun worn to the extent shown in Fig. 7.4 the case positions the 
shot at the same point as before. On its release from the case the pro- 
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Fia. 7.4 The grooves and lands of the bore in new and badly worn guns firing fixed 

ammunition with a propellant of high explosion temperature. Note the difference 

of scale in radial and axial directions. The contour, before engraving, of the driving 
band of the normal shot is also shown. 


jectile travels about 2.7 calibers before the band meets the lands; during 
this period, which occupies a relatively long time by reason of the low 
velocity of the projectile, the gas is able to leak between the band and 
the walls of the bore. Even after the band has engaged the rifling, 
there is a considerable travel, approaching 2 calibers, during which gas 
may still escape down the grooves. This lcakage lowers peak pressure 
and muzzle velocity, and it is these aspects that we shall now discuss, 
but the erosive effects have equal practical importance. 

The loss of ballistics as a gun wears is also due in part to the loss of 
initial resistance and to the enlargement of chamber capacity. We 
shall sketch a theoretical analysis, based on the equations of a leaking 
gun developed earlier in this chapter, of some trials designed to separate 
these effects. The peak pressure and muzzle velocity were measured 
in a new gun and in the gun whose wear curve is shown in Fig. 7.4, when 
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firing (a) normal shot with band as shown in Fig. 7.4, and (b) special 
shot, designed to fit this particular worn bore and of such a form that 
it seemed plausible that gas leakage was prevented, while at the same 
time but little change was caused in the resistance to motion. These 
latter projectiles differed slightly from the normal shot in weight and 
in protrusion into the cartridge case. Assuming that gas leakage was 
negligible for normal projectiles in a new bore, the ordinary methods of 
interior ballistics were used to correct the “‘new-gun” performance to 
what it would have been if these heavier and bulkier special shot had 
been fired. This correction amounted to only a few feet per second and © 
about 0.7 ton/sq in. To sum up, the experimental data available were 
pressure and velocity in the worn gun with gas leakage and pressure and 
velocity in the new and worn guns with, it was hoped, no gas escape. 
From these data it is possible, by a theoretical analysis, to check whether 
any substantial leakage did occur, and to throw some light on the initial 
resistance to motion of the shot. We give first (§ 7.51) the equations 
used in problems of this type, then (§ 7.52) the observations and a 
theoretical discussion, followed (§ 7.53) by a note on some other aspects 
of the ballistics of worn guns. | 


7.51 Equations of interior ballistics of a worn gun 


7.511 Basic assumptions 


We shall explain the assumptions made, and then any new notation, 
and lastly the equations will be written down. The terms that arise 
` from the gas leakage are taken from § 7.34. The only special point to 
be noticed is that the leakage passages open from the base of the shot 
instead of from the breech as in a recoilless gun. We allow for this by 
using the pressure at the shot base in the formula for the rate of leakage. 
Frictional losses in the leakage channels are taken into account in the 
following equations; so are covolume effects, except in the rate of flow 
through the leakage area. In our example this effect amounts to about 
2 per cent at the average pressure while leakage is occurring. 

We assume that most of the propellant stays in the chamber for the 
greater part of the time of burning; that is, the pressure under which 
it burns is the breech pressure. This question has been mentioned in 
earlier chapters and is more fully discussed in § 9.51. 

Bore resistance, expressed as an equivalent pressure, is included in 
the equations. The bore area and the area of the base of the shot are 
written as functions of the travel. 
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7.512 Notation 

Let x be the travel of the projectile up to time é, and S(x) the leakage 
area between shot and bore. We write Ao(z) for the maximum area of 
any normal cross section of the shot; Ao is a function of the travel be- 
cause the deformation of the band takes place over a considerable travel 
in a worn gun. Let the volume behind the shot be U + xA’(x). The 
form U + xA’(zx) is convenient for computation, since A’(z) is a slowly 
varying function, which need be tabulated only at fairly wide intervals; 
_ for a new gun A’ is constant, being equal to the bore cross section A”; 
in a worn gun A’(z) has to be computed from the wear curve, such as 
that in Fig. 7.4, but, once the shot has reached a practically unworn 
part of the bore, it is possible to write the volume as U’ + zA”, where 
U’ is a new constant, somewhat larger than U. The computation can 
then be carried along without reference to tables of A’ (x). 

Other notation is the same as in earlier parts of this chapter. It is 
perhaps worth repeating that P(t) is written for the breech pressure, 
whereas T(t) is the space-mean temperature of the propellant gases. 


7.513 Equations of the problem 
We have, as usual, 


$= (1 —f)(1 + a) (105) 

and 
pw pe“ 106 
Fr 8 (106) 

Let 
F = (1 —f)(2 — 0 + 30f) (107) 


We shall assume that the pressure gradient down the bore is such that 


P (chamber) C 
—— =] +4+—F (108) 
P (shot) 2W 


which may be compared with the classical result 


P(chamber) sj C 


— 109 
P (shot) 2W Se 
For 0 = 0, F = 2¢, so that it is possible for equations 108 and 109 to 
differ considerably in the early stages of the motion. 

Equation 108 has a theoretical origin and was suggested by Mr. 
E. P. Hicks and Mr. C. K. Thornhill. We cannot enter here into a 
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discussion of its derivation and the experimental backing. At “burnt,” 
f = 0, equation 108 gives 


P(chamber) Zt a (2 — 6) ii 
P(shot) © 2W =) 


After this epoch equation 109 seems to be more satisfactory. If the tran- 
sition from equation 108 to equation 109 is carried out at f = 0, we have 
a discontinuity of pressure, except for a charge of cord. This is due to 
the deficiencies of equation 108 in the later stages of burning. To elimi- 
nate this discontinuity and reduce computation, we have used equation 
108 only until F = 1, with equation 109 thereafter. In our example 
this occurs when the charge is roughly half burnt, near the time of 
maximum pressure. 

The effect of this novel Lagrange correction is discussed in § 7.521; 
it may be said here, however, that the effects on the peak pressure and 
muzzle velocity are almost the same as those of a change in the rate of 
burning 8. The differences in the details of the solution are most marked 
for small F, that is, in the earliest stages of the motion. As this is the 
most important period in regard to gas leakage, it was thought to be 
worth while to use this elaborate Lagrange correction. The form is 
intractable for analytical work, but as our treatment of this problem is 
completely numerical, the form is not particularly inconvenient in the 
present context. 

The equation of motion of the shot is 


d?r 7 PAo(z) Ao(2)B -gii 
dt? a R CF ole (x) ( ) 
2W 


where A(x) B(x) is the resistance to motion of the shot; B(x) is a pres- 
sure, introduced to make the magnitude of the resistance more easily 
visualized. The equation of state of the gas in the gun is 


P [v + zA'(2) — - —C (N7 - $) = CNRT (112) 


tos 


where the term [1 + (CF/2W)\/(1 + (CF/3W)] appears because P is 
the breech pressure and here has to be corrected to the space-mean 
pressure. 
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The equation expressing the leakage of gas past the shot is 
dN do ea F ) 
shot 


— --— —_—_— 
= — 


dt dt C \(RT)“ 
d SP 2 1} CF 
d% _ á # al „SED (113) 
di C(RT)” 6y W 


The ‘“‘discharge coefficient” y is a dimensionless factor, which depends 
on the smoothness and shape of the leakage channels. For flow without 
resistance, ¥ lies within 1 per cent of 0.66 for all modern propellants 
(§ 7.2). The passages through which the gas escapes in a worn gun 
are only moderately rough, from a hydrodynamic point of view, and, 
therefore, we have assumed a value of y = 0.6 in our numerical calcula- 
tions. When (1 — f)(3@f + 2 — 6) > 1, we replace F in equation 113 
by unity. This also applies to equation 114, which follows. 

Finally we come to the equation that relates the cooling of the gas 
to the work done on the shot, on the bore resistance, and on the escaping 
gas. This equation is 


d dp ¥—1d/WV? CFV? — 1)Ao(x) B(x) V 
Tanen” -I(T SO) aeo 
dt dt CR dt\ 2 6 CR 
SP(RT)” 2y + 1)CF 
_ WSP( hent ] (114) 
CR 6y W 


We have written 7 in the kinetic-energy term to denote that an allow- 
ance for heat losses may be included. 

The equations to be solved are equations 105, 106, 107, 111, 112, 113, 
and 114. This can always be done by numerical integration in steps of t. 
Certain auxiliary functions have to be known: Ao(z) and A’(x}) have to 
be computed from the internal shape of the gun and the height of the 
band; B(x), related to the bore resistance, must also be assumed. The 
computations themselves are quite straightforward. 


7.514 Solution after ‘‘all burnt’’ 


It will usually happen that “all burnt”? occurs when the projectile is 
in an effectively unworn section of the bore. The rest of the motion 
can then be solved analytically instead of by a numerical process, pro- 
vided that the bore resistance is constant during this part of the motion. 
Let suffix B refer to quantities at “burnt.” In this part of the travel 
the volume behind the shot can be written as U’ + +A”, where A” is 
the cross-sectional area of an unworn bore and U’ is a constant. A” 
is also the value of Ag(x) in this region. We write 
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y = (U’ + cA” — CNgn)*™" (115) 
It can be shown that 
(W + 3C)(V? — Vg’) 
x pacu 2B(U' + zRA” — CNepn) | _ 


a a LM AL i = 
pal 77 — 1 kiaku De 


x (1-2) -5i 2 )( +z) (116) 
EO MEIN 3W 


y - 


which gives the muzzle velocity in terms of quantities known from the 
step-by-step integration up to “all burnt.” The proof is left as an exer- 
cise for the reader. 


7.515 Approximate solution near the start 

When there is a shot-start pressure of the order of 2 tons/sq in., the 
integration in steps of the independent variable £ proceeds quite nor- 
mally. If, on the other hand, we start at a low pressure, say, 14 ton/sq 
in., it is obvious from the computation that many of the terms are not 
contributing to the solution; furthermore, the pressure builds up slowly, 
so that we must use either a large number of t steps or frequent changes 
in the size of the step. On both grounds it is better to use an approxi- 
mate solution up to pressures near 1 ton/sq in. We give here the solu- 
tion for the useful particular case where (a) the rate of burning is pro- 
portional to pressure, and (6) there is no bore resistance acting during 
this part of the motion, but (c) there is a leakage area, and (d) there is a 
shot-start pressure Po. 

From equation 105, neglecting a term of the order of (1 — f)*, we have 


¢=(1+4)(1—f) 


and so, with equation 106, 


d 1+9 
> KLIFA P (117) 
dt D 
We assume that 
P = Poe" (118) 


so that the shot starts at t = 0. Integrating equation 117 from ¢ = 0 
gives i 
PLE oP — Po) 


Da (119) 


$ — oss 
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Equation 107 makes F = (2 + 6)(1 — f) + O[(1 — f)*], which enables 
us to omit all Lagrange corrections in this approximate solution. 

In equation 114 we can omit the term representing the kinetic energy 
of the shot, which it is easy to show is of higher order in (P — Po) than 
the other terms. We assume that there is no leak until after shot start. 
This is true in our application to “runup” in a worn gun; here “shot 
start” is the release of the shot from the cartridge case. We have then 


Ao(0)BO)x — wS(0)(RTo)*(P — Po) 


NT = To — (y — 1 120 
ole =e — OR ACR (120) 
From equation 112, 
C 
p(u — ~) = CNRT (121) 
and, from equations 120 and 121, 
C 
(P — Po) (v — =) 
es i] | wS(0)(P — Po) 
: CRT uC(RTo)”* 
— 1)A9(0)B(O 
(y — 1)Ao(0)B(0)x (122) 


CRTo 


If B(O) is zero or small, the last term may be omitted and the result 
combined with equation 119 to give 


C 
(P — Po) (v os ~) 
B(1 + 0) (P — Po) = ô YYS(0)(P — Po) 


ee t (128 
Du CRT 9 pC(RT 5)” ie) 
Thus, a solution of the form P = Poe“ is indeed possible, and u has the 
value 

_ (L +OBCRTo _ yS(0)(RTo)” 


C C 
p(u-=) pee 
ô 6 


Normally this solution will be used to pass from the pressure Py to a 
selected pressure P in the region where numerical solution is necessary. 
It is convenient, therefore, to write the formulas for such quantities as 
¢ or the travel in terms of P and Pp. Integrating equation 111 yields 


(124) 
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WauV 
Ao(0) 


Wet paf aMi (=) - 520 hı A 126 
A,(0) ee E SKP: ai 


From equation 122 we obtain ¢; NT comes from equation 120, and N 
from the integrated form of equation 113: 


__ w8(0)(P — Po) 
uC(RT») 


The resistance terms in equations 122, 125, and 126 are not a full 
expression of the effect of resistance. They are intended only as a check: 
if these terms are appreciable, the reduction of equation 122 to equation 
123 fails, and numerical solution must be used. 

We have used these formulas to shorten our solutions in badly worn 
guns. Here there is a shot-start pressure associated with the release 
from the cartridge case; a Po of 4% ton/sq in. was assumed, though this 
is certainly higher than the pressure at which the shot is released from 
the case; the muzzle velocity and maximum pressure are not much 
altered by the difference between this Py and the true value, and the 
labor is reduced by taking Po high. After shot-start the leakage area 
comes into operation, and there is a considerable “runup”’ in which bore 
resistance is small. Test solutions have shown that up to 1 ton/sq in. 
the approximate solution is correct to within 2 per cent, in the worst 
case. The absolute magnitude of the error at this stage is of the order 
of 1% ft/sec in velocity, 0.005 in. in travel, and less than 107° in ¢, N, 
_ and f. Beyond 1 ton/sq in. the errors increase rapidly. Although the 
solution could be pushed to higher pressures by running an occasional 
check solution by numerical integration, it is simpler to abandon the 
approximate solution at a pressure in the neighborhood of 1 ton/sq in. 


P 
= P — Py — B(0) In (=) (125) 
Po 
and 


N=¢ (127) 


7.52 Analysis of the experimental data on new and worn 


guns 
TABLE 7.2 OBSERVED BALLISTICS 
Max. Pressure, Muzzle Velocity, 
Gun Leakage tons/sq in. Piezo ft/sec 
New No 24.5 2752 
Worn No l 18.8 2623 
Yes 17.6 2587 


Difference 1.2 36 
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These results are means from a large number of rounds. The details 
of charge, chamber capacity, and the like need not be given here, except 
for the form factor, which was 0.15; thus the surface of the propellant 
decreases only slowly during burning. The thermochemical data on 
the propellant were well known, leaving in all only two uncertain quan- 
tities in the calculations. The rate of burning in the closed vessel was 
known, but, as explained in chapters 5 and 9, this gives only a rough 
indication of the effective rate in such a high-velocity gun as this; 
the cool propellant used in these trials had an explosion temperature 
To = 2400°K (although the gun had been worn by a much hotter 
propellant), and so the effect of erosion of the propellant may be expected 
to be considerable in this example. Further, the nature of the resistance 
to motion of the shot was not known except in a very qualitative way. 
The parameter 8 and the bore resistance were, therefore, determined 
by fitting to the observed ballistics, in the way to be described. 


7.521 Ballistics of the new gun 

Heat losses to the bore were omitted at first; that is, we replaced 7 by 
the thermochemical y. We shall discuss in § 7.522 the changes produced 
by including these losses, which up to shot-ejection amount (in this gun) 
to some 20 per cent of the energy given to the projectile. l 

The resistance to motion was taken to be a shot-start pressure drop- 
ping, immediately the shot moves, to a constant resistance acting up 
to the muzzle. This is only a rough model, but it does possess some 
features that are physically plausible: the higher initial resistance, for 
example, is here counterfeited by the shot-start pressure, whereas our 
assumption of a constant resistance during travel is supported by certain 
experimental evidence. We write the shot-start pressure as Pp and the — 
bore resistance as Ao(r)B, where Ao(x) is the area of the greatest cross 
section of the shot when at a travel x; thus the constancy of B, the 
pressure equivalent of the bore resistance, implies a slight, but only a 
very slight, decrease in the bore resistance in the early stages of shot 
motion. By their definitions, Po > B. 

The rate of burning of this propellant is, by closed-vessel observations, 
proportional to P*, where a lies between 0.9 and 1.0. There is no appre- 
ciable error in taking the convenient value a = 1. 

There were thus three arbitrary parameters in the calculations for a 
new gun, namely, 8, Po, and B. The results of the computations ” can 
be represented by ) 


10 For assistance with the computations underlying this analysis I am indebted to 
Mr. T. Vickers and Mrs. H. N. Wilkinson. 
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1.684P,) + 2.76B + 70.478 — 31.96 tons/sq in. 
29.9P,) — 72.2B + 12056 + 1886 ft/sec 


Pan 
MV 


where Po and B are in tons per square inch and £ in (inches per second) 
per (ton per square inch). These linear formulas fit our set of results 
with root-mean-square deviation 0.05 ton/sq in. and 1 ft/sec, which are 
of the same order as the accumulated errors of computation that we 
tolerated in the numerical integration. 

For P = 3 tons/sq in., the new gun data are reproduced by po 0.86 
ton/sq in. and 8 = 0.696. This is a very plausible value for B; this £ is 
9 per cent higher than the accepted closed-vessel rate. 

The lowest bore resistance is found for a low shot-start pressure, and 
the smallest allowable pair is B = Py = 0.840 ton/sq in. with 8 = 0.748. 

One of our new gun solutions was repeated with the conventional 
Lagrange correction, which amounts to a replacement of F by unity 
throughout our formulas. In the example studied, the peak pressure 
was raised from 24.5 to 26.4 tons/sq in., with an increase in the MV of 
29 ft/sec. This rise of maximum pressure can be counteracted by a 
suitable reduction of 8, which brings the muzzle velocity back to only 
4 ft/sec less than its former value. Thus the newer Lagrange correction 
would not produce significant effects in routine ballistics. On the other 
hand, the leakage past the’shell is increased by about 10 per cent in this 
example, by using the newer Lagrange correction. 

We shall now turn to the data on the worn gun in order to pick the 
best of the one-parameter set of solutions allowed by the new-gun 
ballistics. 


(128) 


7.522 Ballistics of the worn gun 


The shape of the important part of the bore of the worn gun has been 
shown in Fig. 7.4. The free runup is about 2.7 calibers. From these 
curves were calculated the volume behind the shot, as a function of 
travel, and, in particular, the increase of chamber volume, which is 
only 0.2 per cent. 

The maximum cross-sectional area of the shot Ag(z) is needed in the 
computations. Ao(zx) is the cross section at the band and for the normal 
shot was calculated on the assumption that the lands wipe away the 
upstanding copper without altering the height of the copper in the 
grooves, until the groove comes down to meet the band. This assumption 
is far from sufficient as a basis of band design, but its results should be 
adequate for our ballistic calculations. For firings with the special 
projectiles, it was assumed that Ao(x) was equal to the full bore area at 
the band. 
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The leakage area has been written S(x) and is, in our example, the 
area between band and bore. It has to be verified that this is the min- 
imum and therefore the controlling cross section in the annular passage 
by which the gas escapes from back to front of the shot. The other 
possible minimum is at the head of the cylindrical proof shot, which is 
in a less worn part of the bore. The cross section for leakage is here, in 
our example, about twice as large as the leakage area at the band. 

A number of solutions were computed for various combinations of 
bore resistance and rate of burning, for normal and special shot. In all 
solutions a shot-start pressure of 14 ton/sq in. was assumed. This is 
probably an overestimate of the force required to overcome the inden- 
tation into the cartridge case, but the difference is not important in this 
connection. In runs with leakage, a nozzle discharge coefficient of 
y = 0.6 was used. This is about 10 per cent smaller than the theoretical 
result without resistance to flow. 

The band does not meet the rifling until a travel of 2.7 calibers. Up 
to this travel there may be a small resistance from friction of the shot 
against the lower wall of the bore. Beyond this travel there should be 
some bore resistance, rising in the later stages of motion to a value com- 
parable with that found in a new gun. In our calculations we have used 
the same bore resistance as in the new gun, assuming that the resistance 
enters when the band first engages the worn rifling. At a travel of 2.7 
calibers in a worn gun the pressure is about 12 tons/sq in., and it follows 
that a bore resistance of 0.8 ton/sq in. has little effect on the peak pres- 
sure, while making a considerable difference to the muzzle velocity. Ina 
typical case the effects were found to be +0.24 ton/sq in. and —96 
ft/sec, respectively. f 

Table 7.3 shows the nature of the theoretical results obtained. 

The first set (B = 0.86 ton/sq in.; 8 = 0.696) fits the new gun with a 
shot-start pressure of 3 tons/sq in. The second set fits the new gun if 
the shot-start pressure is no larger than the bore resistance. On com- 
paring with the experimental results of Table 7.2, it is clear that the 
theoretical effect of leakage on pressure is in excellent agreement with 
the firings, and this is true for both sets of theoretical results. On the 
other hand, the observed saving of velocity is 36 ft/sec, which is less 
than even the lower of the two theoretical results. Considering now the 
ballistics with normal shot, it may be seen that the results for (B = 0.84 
ton/sq in.; 8 = 0.748) are the better and are in quite good agreement 
with the observed loss of ballistics: this is 6.9 tons/sq in. and 165 ft/sec, 
whereas the theoretical is 7.5 tons/sq in. and 211 ft/sec. 

As mentioned previously, some allowance should be made for the 
heat loss, which amounts to 20 per cent of the muzzle energy. The 
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effect on the new-gun ballistics has been computed. The result is to 
emphasize the trends indicated by the earlier work. Thus, the new-gun 
ballistics can be obtained by Pp = B = 0.314 ton/sq in., which improves 
the fit to the worn gun with and without leakage, while at the same 
time 6 has to be raised to 0.794, which is even further from the closed- 
vessel results than the values of 8 previously obtained. 

Taking all these points into consideration, it can be concluded that 
the firings, in new and old guns, with normal and special shot, are in 
good agreement with the hypothesis that the resistance to motion can 
be represented by a constant bore resistance without any special shot- 


TABLE 7.3 THEORETICAL RESULTS IN WORN GUN 


Bore Resistance Used only after Free Runup 


B, 8, (in./sec) Max. pressure, MV, 
ton/sqin. per (ton/sqin.) Leakage tons/sq in. ft/sec 
0.86 0.696 No 15.82 2501 
0.86 0.696 Yes 14.59 2428 
1.2 73 

0.84 0.748 No 18.32 2596 
0.84 0.748 Yes 17.03 2541 
1.3 55 


start pressure. The only disturbing features are that (1) this implies 
a rate of burning some 20 per cent higher than closed-vessel results, 
and (2) the calculated saving of MV by the suppression of leakage is 
about 50 per cent larger than that observed. In considering item 2 it 
should be noticed that the theoretical saving of maximum pressure is 
in very good agreement with that observed. We take these results to 
mean that the steps adopted to prevent gas leakage have protected the 
driving band proper from gas wash in the early stages of motion, causing 
a higher bore resistance at the later stages of the travel. Thus, our 
calculations of maximum pressure are correct, but our theoretical 
velocity without leakage ought to be lowered. We conclude, also, that 
the methods used to prevent gas leakage do indeed produce substantially 
all the saving of ballistics that can be expected from a sealing device. 

Figure 7.5 shows pressure-space curves typical of those calculated for 
the new gun (without leakage) and worn gun (with and without leakage). 
In Fig. 7.6 is given the development of the leakage with shot travel, in a 
typical solution for the worn gun. The total amount of gas lost is little 
more than 1 per cent of the total charge. All but 4 per cent of the total 
leakage occurs during free runup. 
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Fig. 7.5  Pressure-travel curves for new and worn guns. 


Calculations were made of the behavior of this well-worn gun when 
used with separate-loading ammunition. The increase of chamber 


1.6 


% of charge lost by 
leakage in worn gun 
© 
oo 


Travel, calibers 


Fic. 7.6 Weight of gas lost by leakage, 
as a function of travel, in the worn gun 
with normal shot. 


capacity and reduction of shot travel 
cause a drop of ballistics (relative 
to the same gun with fixed ammuni- 
tion) of 4.2 tons/sq in. and 210ft/sec, 
when there is no leakage in either 
case. The elimination of leakage 
saves only 0.3 ton/sq in. and 10 
ft/sec when used with separate- 
loading ammunition; in these calcu- 
lations a shot-start pressure of 1 
ton/sq in. was used to represent the 
slow engraving by the worn rifling. 
It has to be remembered that a gun 
used exclusively with such ammuni- 
tion would develop a different in- 
ternal contour; it seems clear, how- 


ever, that the reduction of performance by gas leakage is small with 


separate-loading ammunition. 


One of the solutions for a worn gun was repeated with the same 
leakage area as before, but with the chamber capacity, bore area, and 
projectile cross section being replaced by those characteristic of the 
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new gun. The performance was raised by 0.9 ton/sq in. and 25 ft/sec. 
We can use this result to apportion the blame for the fall in ballistics, 
sharing it among loss of initial resistance, gas leakage, and the changes 
of internal dimensions. We have theoretical results for the second, third, 
and the total; by subtraction we find that the drop of muzzle velocity 
is divisible among these three in the ratio 64, 24, and 12 percent. Firing 
trials have given the second and the total, and, if we use our theoretical 
result for the third, we arrive at 66, 19, and 15 per cent for the three 
contributions. We may take it that, when this gun is almost worn out, 
its drop of velocity from the new-gun value is divisible into these three 
parts in the ratio of, roughly, 65, 20, and 15 per cent. This refers to a 
gun worn mainly by a hot propellant but now fired with a cooler pro- 
pellant. 


7.53 Changes in ballistics during the life of the gun 
Having obtained an idea of the resistance to shot motion from the 
results for this gun, we may proceed to a discussion of the changes in 
ballistics during the life of the gun. For this purpose we consider a gun 


9% drop in maximum pressure 


0 
0 200 400 600 800 1000 1200 
Number of rounds fired 


Fia. 7.7 Theoretical change of ballistics during the life of this gun. 


worn exclusively by the cooler propellant. Wear curves at various 
stages of the life were compiled, and ballistic solutions were computed 
for B = Po = 0.84 ton/sq in., with and without leakage. The results 
are shown in Fig. 7.7. The values at 600, 900, and 1200 rounds were 
fitted by a smooth curve, which was then extrapolated to meet the known 
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result at zero rounds. This could be done without straining the fit to 
the calculated points. The rate of drop of ballistics with rounds fired 
is not constant, the rate falling off toward the end of the life of the gun. 

In Fig. 7.8 the theoretical drop of velocity is plotted against the wear 
at 1 in. from the C of R, superposed on experimental data for this nature 
of gun. + Our results appear to be too high by about 20 per cent. They 
lie on a straight line whose continuation passes fairly near the origin. 


3% loss of MV 


0 0.01 0.02 0.03 0.04 0.05 
Wear at 1 in. past commencement 
of rifling. calibers 


Fig. 7.8 Loss of velocity with wear; comparison of theory and observations. 


We attribute the fact that the theoretical drop of velocity is larger than 
that observed to the decreased bore resistance of a well-eroded band; this 
factor had to be omitted from our calculations, since we had no knowl- 
edge of its magnitude. Allowing for this, our theoretical drop of velocity 
would be reduced, and most of all in the later stages of life. Hence our 
theoretical line would be lowered and its slope reduced. Both changes 
would bring better agreement with the observations. Such an interpre- 
tation requires an average bore resistance lower, in a well-worn gun, by 
about 144 ton/sq in. This seems a reasonable value. 


7.54 Rapid estimation of the effect of leakage 
It is possible to make a rapid estimate of the loss of ballistics due to 
leakage in a gun in any stage of wear. 
Knowing the internal shape of the bore, we begin by finding the 
maximum area through which gas can leak past the shot. This will 
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usually occur as the shot leaves the cartridge case. Let this area be S. 
Write 

$ 0.3SD (129) 

C(RT)” 

which is a dimensionless parameter that has appeared earlier in this 
chapter. Equation 129 for © differs from that quoted for a constant 
leak, in that we have here used S/2 as an average value of the leakage 
area. From equations 62 and 63 we know that 


MV with leak i öğ 130 
MV without _ E aa 


where n ~ 0.7, and that 


Max. pressure with leak 
— = 1 - 2v (131) 
| Max. pressure without 
These are valid only for small Y. 
In our example of a worn gun, equations 130 and 131 agree very well 
with both our numerical integrations and the trial results. This is 
shown in Table 7.4. 


TABLE 7.4 Exact AND APPROXIMATE RESULTS FOR EFFECT or LEAKAGE 


Equations 130 Numerical 


Ratio of and 131 Integration Trials 
MV 0.975 0.979 0.986 
Max. pressure 0.927 0.930 0.936 


7.6 Ballistic properties of recoilless guns 


In the rest of this chapter some of the general properties of recoiiless 
guns are discussed. The results quoted have all been derived from the 
set of equations given in § 7.35, and in most cases the method of numer- 
ical integration was used. 

We have used the ideas of a ‘‘nozzle-start pressure” and a ‘‘shot-start 
pressure,” which are convenient idealizations of complicated processes, 
Consider, first, the use of a “‘shot-start pressure.” This is no doubt a 
violent approximation, and the considerations of § 7.522 have led us to 
believe that it has less physical justification than we supposed at the 
time we carried out our researches on the recoilless gun. In orthodox 
ballistics there are three justifications for the “‘shot-start pressure”: it 
is easily included in most ballistic solutions; physically more accurate 
assumptions might lead to more parameters, which would be difficult 
to evaluate by working back from fired ballistics; in any case, the calcu- 
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lated ballistics are not sensitive to the way in which the resistance to 
motion is taken into account; for example, the replacement of a shot- 
start pressure by a modification of the rate of burning, chosen to give 
the same maximum pressure, has little effect on the muzzle velocity and 
pressure-space curve. 

In dealing with recoilless guns the nature of the initial motion of the 
shot affects not only the peak pressure and muzzle velocity, but also 
the resultant recoil momentum. The nature of the initial motion of 
gas and shot has, unfortunately, a more marked effect on the momentum. 
An important point affected by this is the question of the maximum 
impulsive load on the mounting. It is possible that, when the nozzle- 
start and shot-start pressures have been chosen to reproduce the ob- 
served ballistics, the impulsive forces may be in error by a large fraction. 
In a gun of 3-in. caliber the impulsive load can be as much as 10 tons. 
The calculation of such effects, depending in a critical manner on the 
physical accuracy of the assumptions made about the initial processes, 
is likely to be the least satisfactory of the results calculated from our 
model of the initial conditions. 


7.61 ‘*Recoillessness’’ 


Two kinds of “‘recoillessness’’ are possible: 

(a) If the flow out of the nozzle begins at the same time as the shot 
starts and there is no resistance to motion afterwards, then it is possible 
to find a nozzle throat area that gives zero resultant force on the gun 
at all times during the firing, including the post-ejection period. 

(b) If the flow through the nozzle is established at a pressure different 
from the shot-start pressure, then only a more restricted recoillessness 
can be achieved. Suppose, for example, that the gas flow starts before 
the shot moves. It is obvious that until the shot starts there is a result- 
ant forward thrust on the gun. To get zero momentum of the gun after 
the firing is over, there must be a resultant backward thrust while the 
shot is in motion. The zero final momentum means a negligible total 
movement, since the forces last for only ashort time. This state of affairs 
would be described in trials reports as ‘‘recoillessness”; it is clear that, 
nevertheless, the carriage would have to withstand large impulsive forces. 

Recoillessness of type a is obviously a very special case, implying a 
particular form of resistance to motion as well as a certain suitable choice 
of bursting disk. However, it can be approached sufficiently nearly, 
for all practical purposes, to justify our separating such cases into a 
separate class. 

Both types of recoillessness are considered in this book. Case b is 
by far the more common. 
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The stress on the carriage depends on whether this is rigidly attached 
to the ground. If it is so attached, for example by spades, then the whole 
of the momentary thrust on the gun is transmitted to the carriage. If, 
on the other hand, the carriage is free to move, only a part of the thrust 
appears at the gun-carriage junction; the rest is used in acceleration of 
the piece itself. A carriage weighing as much as the piece would receive 
half the resultant thrust on the piece. 

Some of the ballistic properties of a recoilless gun depend quite strongly 
on the relation between nozzle-start and shot-start pressure. It is 
useful, therefore, to be able to detect whether one is working in region 
a or b, and in the latter case to say which pressure is the larger. In 
§§ 7.623 to 7.624 we shall discuss the effects of changes in charge and 
shot weights on recoillessness. It will appear that if a certain gun has 
been adjusted to be recoilless at normal charge, with nozzle opening 
before the shot starts, then if fired with a smaller charge of the same 
propellant the gun will move forward. This is quite obvious, since in the 
latter case the period during which Pys < P < Pss, in which therefore 
the system is acting as a rocket, is longer than before. This is the 
simplest practical test for the relative timing of nozzle opening and shot 
start. Other similar tests can be based on the results quoted later, for 
example, on the effect of change of shot weight, but the easiest to apply 
is the change of charge weight. The gun movements to be expected are 
not very large—an inch or two if mounted on a rubber-tired carriage 
on smooth ground. 


7.611 The calculation of recoil momentum 


When the shot is rigidly held in the shot seating, the thrust forward 
on the gun is, by the theory of § 7.22, ¢SP, where the dimensionless thrust 
coefficient ¢ (= F/S;:p,) has been tabulated in Table 7.1. When the 
shot is free to move along the bore, the thrust on the gun falls by AP, 
reducing the net forward thrust to ((S — A)P; writing u = S/A, this 
thrust is (uf — DAP. 

The coefficient ¢ depends on the y of the propellant gases and, more 
strongly, on the expansion ratio of the nozzle used. These characteristics 
of propellant and gun are effectively constant during the firing. ¢ has 
also a small dependence on e, the parameter measuring the covolume 
effect: 

np 
t= 

= 


For the most accurate work, this dependence on e can be taken into 
account by using a ¢, which is a function of time, perhaps in the form of 
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different mean ¢ in various parts of the solution. In the formulas that 
follow we shall not explicitly distinguish the various ¢. 

Using NS, SS, and E to denote conditions at nozzle start, shot start, 
and shot ejection, respectively, we have, for the total backward momen- 
tum of the gun at shot ejection, 


SS 


E 
AQ = at) f P dt — Apt P dt 
SS NS 


For all solutions of good ballistic regularity, “burnt” occurs before shot 
ejection, and we can take the system after shot ejection as a reservoir 
of gas exhausting through nozzles in parallel, of throat areas S and A. 
By Hugoniot’s theory (see § 9.22), we have 
CNgRT A We 
Uo 

where ¢ is measured from shot ejection, Uo is the total internal volume 
of the gun, and 


2 Uo Lo fy $I\0HDIG-D 7% 
Q= 
CDe) e 


These formulas neglect the effect of covolume. The gain in backward 
momentum after shot ejection is 


# CNeRTe fy — 1 
Aa = at) f Pat = Al — us) = (2 a 
0 


Uo yi 
_ (L—ut)CNE cay: : $ Da -a 
= (+a) y 2 


The function ọf y, which occurs in equation 132, is equal to 1.34 within 
3 per cent for all modern propellants. 

It is convenient to write the total momentum of the gun after firing as 
WV, where V, is a “virtual shot velocity.” For a gun with exactly 
balanced recoil, Vı is zero. From the previous formulas, 


1.34(1 — pt)CNg(RT>)4(Tx’)4 
WV, = | APat— ut apak ee 
SS NS 


l+u 
(133) 
In terms of the reduced units introduced in § 7.37, 
AD f! ADzt f” 1.34(1 — uf)CNg(RT)*(T 2’) 
a eal ee ae ut ae (1 — pf)CNg(RT 9) 7(Te’) 
SS B Ns ltu 


(134) 
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Up to “burnt” in a numerical! integration, f ax dr can be found by a 


summation, since increments of this quantity appear in the computation. 
After “burnt,” 


AD E 
7 (1 — wf) | adr = (1 — ut) Wi (Ve — Vp) 
B 


where W, is a mean from “burnt” to “shot ejection.” 
When the rate of burning is proportional to pressure, ° 


AD 
WV, = rs (fss — utfvs) + (1 — wf) Wi(Ve — Va) 
n 1.34(1 — ut)CNe(RTo)*(Tr')” 
l+u 


If a bore resistance, depending on travel, is preferred to an instan- 
taneous collapse of the ‘‘shot-start pressure,” the formulas of this section 
must be rewritten, but the changes to be made are quite obvious. 


(135) 


7.62 The influence of design variables and loading con- 
ditions on the interior ballistics of a typical recoilless 
gun 

There are two kinds of variation to be considered. Let us take, for 
example, a gun with balanced recoil and alter the shot-start pressure. 
If we leave the nozzle area unchanged, the gun will, in general, now 
show a nonzero recoil. This change could occur in practice by the band 
of the shot not being quite standard; the change in ballistics at constant 
nozzle area has, therefore, a bearing on the regularity of the gun. On 
the other hand, suppose that a new type of shot with a new band system 
were to be introduced; then firing trials would determine the correct 
throat area to give zero recoil with the new shot-start pressure. The 
change in ballistics caused by the new band design would be a change 
during which nozzle area would be adjusted to keep zero recoil. In 
general, then, we calculate two types of variation: changes at constant 
throat area and changes at zero recoil; the former are useful in studying 
regularity of the weapon, the latter in deciding the design to give the 
best standard performance. In settling design it is necessary to pay 
attention to both factors, but as their relative importance depends on 
the purpose of the weapon it is convenient to distinguish sharply be- 
tween these two classes. 

We consider changes in the following quantities: nozzle-start and 
shot-start pressures, web size or rate of burning, charge and shot weights, 
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chamber capacity, shot travel, nature of propellant, and nature of the 
venturi. The effects on maximum pressure, muzzle velocity, position 
of “burnt,” and recoil velocity (or throat area) are obtained in each case. 

The example considered here is typical of the class with pressure in 
the neighborhood of 5 tons/sq in. and muzzle velocities of the order of 
1500 ft/sec. It is thought that the effects of the variables on this gun 
will be a qualitative guide to the results produced by similar changes 
in other guns. The pressure index of the rate of burning was taken to 
be unity in these calculations, but small changes in this should not 
seriously alter the general nature of the results. 


7.621 Effect of nozzle-start and shot-start pressures 


The effects at constant nozzle throat area are plotted in Figs. 7.9, 
7.10, and 7.11, and at zero recoil in Figs. 7.12, 7.13, 7.14, 7.15, and 7.16. 
Examination of these shows that on crossing the boundary Pys = Pss 
the results have a discontinuity of slope. This is most marked with 
the peak pressure (Figs. 7.9 and 7.12) and the position of ‘all burnt” 
(Figs. 7.11 and 7.13). The muzzle velocity is not strongly affected in 
this way when the nozzle throat area is constant (Fig. 7.10), but when 
adjustment is made to give zero recoil in all cases the muzzle velocity 
has the same sharp bend as the other quantities at the critical boundary 
Pys = Pgs (see Fig. 7.13). 

This type of discontinuity, though likely to be somewhat smoothed 
in practice, has some important results. In the first place, it prevents 
extrapolation from the region Pys < Pss into the zone Pyg > Pss, or 
vice versa. 

A more useful consequence is that we have here another way of 
determining the relative timing of nozzle opening and shot start. The 
maximum pressure is almost independent of nozzle-start pressure (at 
constant throat area), provided Pys < Pss. If, however, Pys passes 
the shot-start pressure, the maximum pressure set up in the gun imme- 
diately becomes sensitive to Pys. Figure 7.17, which illustrates this 
statement, was derived from Fig. 7.9. The maximum pressure is here 
plotted against nozzle-start pressure. The experimental method is, 
therefore: make a series of cartridge cases with stronger and stronger 
blowout disks; record maximum pressures of these rounds, plot peak 
pressure against disk thickness; the curve should show the characteristic 
form of Fig. 7.17, provided that at each thickness the number of rounds 
fired is sufficient to eliminate random variations of ballistics. The posi- 
tion of the bend in the curve shows the disk thickness at which shot-start 
and nozzle-opening pressures are equal, and, hence, one can estimate the 
relation between these pressures for the standard thickness of disk. In 
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Fia. 7.9 Peak pressure as a function of starting pressures, at constant nozzle 
throat area, in a typical recoilless gun. In this and Figs. 7.10-7.16 shaded areas 
indicate solutions with some propellant still unburnt when the shot reaches the muzzle. 


Fie. 7.10 Muzzle velocity as a function of starting pressures, at constant nozzle 
throat areas. 


Fig. 7.11 Shot travel at “burnt” as a function of starting pressures, at constant 
nozzle throat area. 


Fig, 7.12 Peak pressure as a function of starting pressures, adjusting nozzle area 
to preserve zero recoil. 
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Fre. 7.13 Muzzle velocity as a function of starting pressures, adjusting nozzle 
area to keep zero recoil. 


Fia. 7.14 Travel to “burnt” -as a function of starting pressures, adjusting nozzle 
area to preserve zero recoil. 


Fie. 7.15 Ratio of mean to maximum pressures as a function of initial conditions. 
Nozzle area adjusted to keep zero recoil. 


Fig. 7.16 Nozzle throat area for zero recoil, relative to the value when nozzle- 
opening pressure = shot-start pressure. 
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practice, the fact that the setting up of the nozzle flow and the engraving 
of the shot are not instantaneous serves to blur the sharp changes calcu- 
lated from our idealizations of these processes. Figure 7.10 shows that 
the muzzle velocity cannot be used as an indicator instead of maximum 
pressure, for the discontinuity of slope on crossing the boundary 
Pys = Psg is very small. 

The influence of nozzle-start and shot-start pressures depends on 
their magnitude in relation to the normal maximum pressure of the gun. 
Thus low-pressure guns are more sen- 
sitive in this respect than high-pressure 
weapons. It should be noted that the 
variations of initial pressures shown in 
these diagrams, from 1 to 3 tons/sq in., 
are considerable when compared with 
the peak pressures, which are around 5 
tons/sq in. 

The shaded area at the bottom left 
corner of each of Figs. 7.9 to 7.16 shows 
the region of solutions that have un- 

Pra 1 2 

burnt propellant remaining as the shot Nozzle-start pressure, tons/sq in. 
passes the muzzle. A more complete nie 

: dns zi ae Fig. 7.17 Variation of peak pres- 
picture of the position of “burnt” is sure with nozzle-start pressure, at a 
shown in Figs. 7.11 and 7.14. A closely  shot-start pressure of 2 tons/sq in. 
related feature is the piezometric effi- British Crown copyright reserved. 
ciency, that is, the ratio of mean to 
maximum pressure, shown in Fig. 7.15. Comparison with Fig. 7.14 
shows how the ratio of mean to maximum pressure is improved by 
having “burnt” further toward the muzzle. This is, of course, a well- 
known effect in normal guns. 

From Fig. 7.10 we conclude that round-to-round variations of muzzle 
velocity due to given variations of nozzle-start pressure will be much 
the same, whatever the nozzle-start pressure. We can combine this 
with the plausible assumption that round-to-round variations of disk- 
bursting pressure will increase with this pressure; hence, it follows that 
round-to-round variations of muzzle velocity due to this effect will be 
least for cases that burst early. ` 

Round-to-round variations of maximum pressure are of less impor- 
tance. Figure 7.9 or 7.17 shows that the part of such variations due to 
variations of disk-bursting pressure is greatly reduced by having the 
disk burst before the shot moves. 

Variations of shot-start pressure must occur in both orthodox and 
recoilless guns. In the latter, however, the variations are probably 


Peak pressure, tons/sq in. 
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smaller than the variations of nozzle-start pressure. Figure 7.9 shows 
that the variation in maximum pressure due to a given change in shot- 
start pressure is least when the nozzle opens after shot start. Figure 
7.10 proves that the variations of muzzle velocity are much the same 
whatever the nozzle-start pressure. 

We turn now to the diagrams showing the effect of changes of nozzle- 
start and shot-start pressures when the nozzle area is adjusted to pre- 
serve zero recoil velocity after firing. Figure 7.16 shows how this nozzle 
area varies. There is little to be said about these curves, beyond the 
obviously simple nature of the relation. The crossing of the critical 
line Pys = Pss does affect the spacing of the lines, a point clearly shown 
by the lines marked 1.02, 1.00, 0.98. The other figures of this series, 
Figs. 7.12, 7.13, 7.14, and 7.15, have many resemblances one to another. 
Their general shape is useful in estimating the best nozzle-start and 
shot-start pressures to reproduce experimental results in various guns. 


7.622 Effect of rate of burning or web size 


The following results give an idea of the order of magnitude of the 
effect produced by a change of web size, which has the same effect as a 
change of rate of burning. 


TABLE 7.5 Errect or WEB SIZE ON A TYPICAL RECOILLESS GUN 


Max. Pressure, Travel at 
Web Size, tons/sq in, Muzzle Velocity, “Burnt,” Mean/ Max. 
in. Piezo ft/sec in. Pressure 
0.064 4.16 1667 104 0.860 
0.060 4.96 1739 66 0.785 


The effects are qualitatively the same as in a normal gun. A smaller 
web gives higher peak pressure and muzzle velocity, and the pressure- 
space curve becomes less flat because “burnt” occurs at a smaller travel. 
These two examples have the same nozzle throat area, because the fact 
that Pys = Pss means that the change of web size does not alter the 
recoillessness. If the nozzle-start pressure differs from the shot-start 
pressure, then a change of web size entails a change of throat area if we 
are to preserve recoillessness. Table 7.6 illustrates an example in which 
Pys was 1 ton/sq in. less than Pss. Compared with Table 7.5, the 
changes in muzzle velocity and travel to “burnt” are halved, while the 
changes in maximum pressure and mean/maximum pressure are much 
the same as before. 

In connection with regularity of ballistics, it is necessary to know the 
changes produced by a change of web size when no attempt can be 
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TABLE 7.6 Errecr oF WeB Size on BALLISTICS AND REcoIL ir Pysg < Pgg 


Nozzle Throats Adjusted to Give Zero Recoil Velocity 


Max. Pressure, Travel at 
Web Size, tons/sq in. MV, “Burnt,” Mean/ Max. Nozzle 
in. Piezo ft/sec in. Pressure Area 
0.064 5.80 1780 58 0.704 1.000 
0.060 6.58 1815 47 0.645 1.011 


made to adjust for zero recoil. This corresponds to the random varia- 
tions of effective web size encountered in the field. Table 7.7 shows the 
effect for an example with Pyg 1 ton/sq in. less than Pss. 


TABLE 7.7 Errect or Wes SizE ON BALLISTICS AT CONSTANT NOZZLE AREA IF 
Pys < Pss 


Small Unbalanced Recoil in Both Cases 


Max. Pressure, Travel at 
Web Size, tons/sq in. MV, “Burnt,” Mean/ Max. 
in. Piezo ft/sec in. Pressure 
0.064 5.27 1709 61 0.714 
0.060 6.04 1757 49 0.658 


Comparison of Tables 7.5 and 7.7 shows that the effect on the muzzle 
velocity is less in the latter case. This has an important bearing on 
the consistency of ballistics. 

The rate of burning of the propellant varies with its temperature. 
The normal change is about 3 per cent per 10°C. Assuming this, a 
nozzle-start pressure of 2 tons/sq in. and a shot-start pressure of 3 
tons/sq in., we find that in this example the throat area for zero recoil 
must increase at the rate of 0.3 per cent per 10°F. If shot start and 
nozzle opening are simultaneous, there is no change necessary in the 
nozzle area. 


7.623 Effect of charge weight on nozzle throat area for zero 
recoil 
If nozzle start and shot start are simultaneous, the nozzle area for 
recoillessness is independent of the charge weight. We take Pyg = 2 
and Pss = 3 tons/sq in. as a typical case where this condition is not 
satisfied. 
In Table 7.8 we show the effect of increasing the charge by 25 per 
cent. This requires an increase of throat area of 4.2 per cent to preserve 
recoillessness. Since a difference in nozzle-start and shot-start pressures 
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TABLE 7.8 ErFrect oF CHARGE WEIGHT, KEEPING ZERO RECOIL 


Max. Pressure, Travel at 
Charge, Nozzle Throat tons/sq in. MV, “Burnt,”  Mean/Max. 
Ib for Zero Recoil Piezo ft/sec in. Pressure 
8 1.000 5.80 1780 58 0.704 
10 1.042 9.50 2110 44 0.604 


of 1 ton/sq in. is quite possible, we have here a strong argument for 
arranging an approximate equality of these two pressures, if the gun 
is to fire at several charge weights. This is necessary in a howitzer but 
not in an antitank gun. 


7.624 Effect of shot weight on nozzle area for zero recoil 


An increase of shot weight from 20 to 24 lb alters the ballistics in 
the same way as for normal guns: the peak pressure goes up, and the 
muzzle velocity and travel at “all burnt” decrease. If nozzle opening 
and shot start occur together, the balance of recoil is not affected by 
the change of shot weight. As an example of the case of nozzle opening 


TABLE 7.9 Errect or Suor WeicuHtT, KEEPING ZERO RECOIL 


Max. Pressure, Travel at Nozzle 
Shot Wt., MV, tons/sq in. “Burnt,” Mean/Max. Throat for 
lb ft/sec Piezo in. Pressure Zero Recoil 

24 1596 6.30 45 0.625 1.000 

20 1780 5.80 58 0.704 1.003 


before shot start, we take Pys = 2, Pss = 3 tons/sq in. Table 7.9 
shows the effect on the throat area for zero recoil. The change is only 
0.3 per cent. 


7.625 Effect of changes of chamber capacity 
Such changes, keeping nozzle throat area constant, correspond to one 
source of round-to-round variation in ballistics: the variations of shot 
seating. These variations are, however, of little importance in the 
normal gun and are not very different for the recoilless gun. Table 7.10 
illustrates an extreme case. 


TABLE 7.10 CHANGES OF CHAMBER CAPACITY AT CONSTANT NOZZLE ÅREA 


Max. Pressure, _ ‘Travel to 
Chamber, tons/sq in. MV, “Burnt,” Mean/ Max. 
cu in. Piezo ft/sec in, Pressure 
815 5.27 1709 61 0.714 


500 7.08 1878 58 0.642 
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In this example there are unbalanced recoil momenta. Correcting to 
zero recoil in both cases, we find that this change in chamber capacity 
requires a considerable change of throat area (see Table 7.11). If 


TABLE 7.11 EFFECT or CHANGES OF CHAMBER CAPACITY AT ZERO RECOIL 


Max. Pressure, Travel to 
Chamber, Nozzle Throat tons/sq in.. MV, “Burnt,” Mean/Max. 
cu in. for Zero Recoil Piezo ft/sec in. Pressure 
815 1.000 5.80 1780 58 0.704 
500 1.037 7.60 1926 55 0.629 


nozzle start and shot start occurred together, the nozzle area would not 
be affected by change of chamber volume. 


7.626 Changes in total shot travel 
Here, too, the interest lies chiefly in the ranges of throat area needed 
to preserve zero recoil. The interior ballistics change in the same way 
as in a normal gun. If Pys = Pgs, no change is needed in the nozzle 


area. An instance where these pressures differ by 1 ton/sq in. is shown 
in Table 7.12. 


TABLE 7.12 Errect or TOTAL SHOT TRAVEL ON NOZZLE AREA FOR ZERO RECOIL 


Nozzle Throat Area 


Shot Travel, in. for Zero Recoil 
134 1.000 
84.5 0.995 


7.627 Effect of nature of propellant 


This alters the rate of burning and the thermodynamic properties of 
the propellant gases. In changing to another propellant we have at 
our disposal two parameters, the charge weight, and the web size. 
These will ‘be chosen to satisfy two conditions. The most natural 
choice would be to reproduce the previous muzzle velocity and maximum 
pressure. Other conditions are equally possible, and, in general, the 
effect on the recoil will depend on which conditions we take. In the 
special case of simultaneous shot starting and nozzle opening, the throat 
area alters only because of the change in C,/C, (= y) of the propellant 
gases. If yis altered from 1.24 to 1.26, which is a change of the right 
order, then the throat area has to be increased by less than 1 per cent. 
Where nozzle opening and the shot start do not occur together, the neces- 
sary variations of throat area may be somewhat larger but will be of the 
same order. 
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7.628 Influence of nozzle design 


The diverging part of the nozzle is subjected to a forward thrust by 
the gases passing out and therefore helps to counteract the recoil of the 
gun. Alternatively, we may think in terms of momenta rather than 
pressures and can then describe the effect of the divergent part of the 
nozzle as a speeding up of the gases that have escaped through. the throat. 
An important point is raised by the question: what do we gain by an 
increase in the expansion in the diverging part? We can use a smaller 
throat area and. still retain zero recoil; maximum pressure and muzzle 
velocity must go up. Suppose we reduce the charge to return the 
maximum pressure to its value when the less efficient nozzle was fitted; 
is the muzzle velocity then higher or lower than it is with the less 
efficient nozzle? The answer is not very obvious, though one may guess 
that the change will be relatively small. It can be shown that a more 
efficient nozzle allows the charge to be reduced, if a certain maximum 
pressure is to be preserved, and the muzzle velocity drops very slightly, 
though there is a better utilization of the available energy in the charge. 


7.63 The optimum pressure for opening of the nozzle 

This pressure is more easily controlled by the designer than is the 
shot-start pressure. We have, therefore, some hope that, if we can 
decide on the optimum pressure, we shall be able to obtain this in our 
guns. Unfortunately, the optimum must be a compromise among 
various considerations. The points that follow have all been discussed 
in previous sections and are assembled here for convenience. 

If nozzle opening and shot start occur together, there are no resultant 
thrusts on the gun at any stage of the firing. This means a lighter 
carriage. Furthermore, in this case, the nozzle area, for zero recoil, 
depends only on the nature of the propellant, varying by not much 
more than 0.5 per cent. If the nozzle opens at a pressure other than 
the shot-start pressure, then the throat area varies also with web size, 
charge weight and temperature, and shot weight; the extent of the 
variation depends on the difference between shot-start and nozzle-start 
pressures and may attain several per cent. 

‘The smaller the nozzle-starting pressure, the smaller are likely to be 
the variations in the muzzle velocity and maximum pressure due to 
round-to-round variations in the strength of the disk. 

In considering the nozzle-start pressure which gives the best ballistics 
as distinct from the best regularity, it is necessary to remember that 
an increase of muzzle velocity obtained from a particular nozzle-opening 
pressure may be associated with a higher maximum pressure or a longer 
travel to “burnt.” If this is so, the advantage could be simulated by an 
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increase of charge weight or web size. The best basis of comparison 
of nozzle-start pressure appears to be the comparison of the mean/maxi- 
mum pressure ratio and the travel to “burnt.” Figures 7.14 and 7.15 
show that there is little to be gained in this respect by any special choice 
of nozzle-start pressures. 


7.64 The value of a muzzle brake on a recoilless gun 


It was suggested by Cooke, in one of the first patents on recoilless 
guns," that a muzzle brake should be used on a recoilless gun. More is 
said about muzzle brakes in § 9.3. Here it is sufficient to explain that, 
by deflecting sideways or backwards part of the gases leaving the gun 
behind the shot, the muzzle brake reduces the total momentum imparted 
to the barrel after the shot has left. The addition of a muzzle brake 
has only a trivial effect on the muzzle velocity of a normal gun and, of 
course, no effect at all on the pressure-space curve. The advantage of a 
muzzle brake lies in the reduction of the carriage weight associated with 
a given energy of projectile. 

In a recoilless gun the brake alters the charge as well as the weight 
of equipment needed for a given performance. This arises from the fact 
that a muzzle brake alters the interior ballistics of a recoilless gun; if 
we add a muzzle brake to a gun adjusted for zero recoil, we must reduce 
the nozzle throat at the back of the chamber if we wish to retain zero 
recoil. This change of throat alters the interior ballistics. To show the 
value of the muzzle brake we must adjust our interior ballistics. 

One way to express the results is as follows. We add the brake, 
and adjust our four variables, charge weight, web size, nozzle-throat 
area, and total shot travel, to secure: 


1. Zero recoil momentum after firing. 
2. Same maximum pressure. 

3. Same ballistic regularity. 

4. Same muzzle velocity. 


The reasons for items 1 and 4 are obvious. The reason for item 2 is the 
sensitivity of barrel weight to changes in peak pressure. It is, therefore, 
essential that none of the weight difference between the guns with and 
without brake should come from changes in maximum pressure; such 
weight changes could be produced without a muzzle brake and ought 
not to be credited to its use. 

The gun thus produced has a weight that differs from that of the 
original gun without muzzle brake, and the new gun gives the same ballis- 
tics with a smaller charge than before. It can be shown that the changes 


u Cooke, U. S. patent 1,380,358. 
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in the weight of equipment are trivial, so that in effect the value of the 
muzzle brake is expressed as a saving in propellant. An example 
treated in detail by the author showed that the fitting of a medium- 
efficiency brake to a recoilless gun of muzzle velocity about 3500 ft/sec 
could be expected to save about 10 per cent of the propellant charge. 
The use of this brake on a normal antitank gun would give the same 
velocity, pressure, and regularity (the conditions satisfied by our recoil- 
less-gun solutions with and without muzzle brake) with no change of 
charge and a saving of about 25 per cent on total weight of the whole 
weapon. 

A recoilless gun with muzzle brake suffers bigger unbalanced momen- 
tary thrusts than a gun made recoilless by a breech nozzle alone. 

It can be concluded that a muzzle brake ought to be fitted to a recoil- 
less gun only if a saving of 10 per cent of the charge is considered val- 
uable; however, in such circumstances one would probably not tolerate 
the three times normal charge demanded by the recoilless gun. It seems 
to be a safe conclusion that recoilless guns will never carry muzzle brakes. 

This conclusion, based purely on theoretical work, checks with the 
German doctrine, arrived at by practical test. | 

For the possibilities of making a gun recoilless by use of a muzzle 
brake alone, see § 9.32. It is there shown that such a gun has the same 
(but more marked) disadvantages as the recoilless gun with breech 
venturi and no new virtues. 


EXAMPLES 


1. Show that the velocity of the gas at the throat of a nozzle is equal to the 
local velocity of sound (dp/dp)’. [Osborne Reynolds, Phil. Mag. (March 1886).] 

2. Can the velocity of efflux of the gas from a nozzle exceed the mean random 
velocity of the molecules in the reservoir? 

3. Prove equation 24. 

4. Prove the thrust formula, as regards the divergent part of the nozzle, by 
integration of the pressure on the walls from throat to exit. 

5. A recoilless gun is to be compared with an orthodox gun of the same dimen- 
sions, firing the same shot at the same peak pressure. Which would you expect to 
have the higher muzzle velocity? 

6. Integrate the isothermal equations of a recoilless gun when 1 < ¥ <1 +9, 
starting from equation 51 and using the methods of chapter 4. Show that there is 
always unburnt propellant at shot ejection. What is the mathematical solution if 
Y > 1-+6? What would be the physical behavior? 

7. Find the similarity relations for a recoilless gun. 

8. Estimate the order of magnitude of the velocity of the pieces of plastic nozzle 
scal when ejected from a recoilless gun. What contribution would this make to the 
balancing of recoil? 

9. Prove equation 116. 
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10. Obtain a formula for the loss of velocity due to a small gas leakage occurring 
after “burnt,” by expanding the formulas of § 7.39 up to the term in S/A. An 8-cm 
mortar barrel firing an 8-lb bomb at 700 ft/sec is vented by 16 holes of )4-in. diam- 
ter, arranged in sets of 4 every 3 in. along the last foot of the barrel. Make an esti- 
mate of the resulting loss of MV. 

11. A certain recoilless gun has a peak pressure of 5 tons/sq in., a shot-start 
pressure of the order of 1 ton/sq in., and a much smaller nozzle-start pressure. The 
barrel has to be proved without dismantling from its rather flimsy carriage, and 
without altering the nozzle area. The methods suggested are (1) heavier shot, (2) 
heating the charge, (3) increase of charge weight. Which of these would impose 
least stress on the carriage for a given increase of peak pressure? 


Some Special Types 


CHAPTER EIGHT 
of Gun 


We shall now discuss some weapons that cannot be covered by the 
methods of chapters 4, 5, and 6. There we dealt with the normal, 
simplest type of gun. Here we shall show how the methods can be 
adapted to more complicated problems. Our aim is to illustrate some 
useful techniques, but the examples studied are important on their own 
account. They show also that the future of interior ballistics is not 
confined to reworking of the old classical problems. 


8.1 The high-low-pressure gun 

The design of a projectile often depends on the maximum acceleration 
it receives in the gun. For example, the lower the peak pressure the 
more explosive can be carried in an HE shell of given total weight, and 
the greater the lethal effect against most targets. Similarly, the effect 
of a hollow-charge projectile against armor is not strongly dependent on 
the weight of the metal casing of the projectile; thus a lower peak pres- 
sure means a lighter projectile for a given penetration, and the result is a 
lighter weapon. A low peak pressure is therefore desirable from the 
point of view of projectile design. An objection is the greater length of 
the gun, to which there are limits set by convenience in handling. A low 
peak pressure implies a low muzzle energy per unit of volume, and, if the 
volume of gun and cartridge case are to be practicable, the muzzle en- 
ergy of the gun must be low. A really low peak pressure is possible only 
if the projectile is light in relation to its caliber (small W/d*) and if the 
velocity is low. 

Low-pressure weapons show difficulties of ignition, presumably be- 
cause the pressure builds up so slowly, and the round-to-round vari- 
ations of velocity are apt to be large. 

A notable advance in low-pressure guns was made during World War 
II by German engineers. The front of the cartridge case was closed by 


a plate pierced by one or several nozzles, usually in the form of plain 
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holes. By choice of the nozzle area the pressure in the chamber was 
kept considerably higher than that in the bore. The projectile was ex- 
posed to only a low pressure; the bore had to be as long as in an orthodox 
low-pressure gun; on the other hand, the propellant burned under a 
pressure two or three times that in the bore, and ignition and regularity 
were improved. Finally, the volume of the cartridge case was much 
smaller than in an orthodox low-pressure gun of the same muzzle energy. 
The nozzle plate was an integral part of the case and could be used sev- 
eral times. 

To sum up, this koch- und niederdruck Kanone is claimed to have the 
advantages, over the orthodox gun of equal muzzle energy and peak 
bore pressure, of better regularity and smaller cartridge. 

Two examples of this kind of gun were built, the 8-cm PAW 600 and 
the 10.5-cem PAW 1000; the former was produced in some numbers and 
was nearly ready for service at the end of the war. Both were antitank 
guns firing hollow-charge projectiles at pressures of approximately 3 
tons/sq in., and the “H/L principle” was adopted to improve the 
regularity. 

Recoilless guns are often of a low-pressure type, and they appear to 
be suitable for the application of the high-low-pressure system. The 
only German example known is the 8.8-em W71, which was built on the 
“three-pressure principle.” The chamber vented into a space from 
which the gas passed either through the rearward jets or forward into 
the bore by another nozzle. It is not clear what ballistic advantages 
were expected from these complications, but, with its three nozzle areas 
to adjust, as well as charge and shot weight and web size, it made an ex- 
cellent toy for the ballistician. 

We shall use the high-low-pressure gun as an example! to show how 
easily the isothermal solution can be applied to the more unorthodox 
guns. Incidentally, the analysis is equally valid for mortars firing on 
primary charge only, when this is housed in the tail of the bomb in the 
conventional manner. 


8.11 Notation 
The gun can be idealized to the form shown in Fig. 8.1. Let the pro- 
jectile and charge weights be W and C. Let W, be the effective mass of 
the shot, allowing for friction. The charge is contained in the first 
chamber, of volume U,, and before the shot moves there is a total volume 
U, + Uz behind it. Let S be the throat area of the venturi or nozzles 
connecting the two chambers, and let A be the bore area. 


1 Corner, J. Franklin Inst., 246 (1948), 233. 
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Let P, be the pressure in the main chamber, assumed uniform through- 
out the chamber, and let Pz be the space-mean pressure in the bore and 
second chamber. We write V for the velocity at travel z. Let C(t) be 
the amount of propellant burnt up to time ¢, and let CN (t) be the amount 


Fig. 8.1 Basic diagram of the hoch-und-niederdruck Kanone. 
J. Franklin Inst. Reproduced by permission of the Franklin Institute. 


of gas in the first chamber. Let ņ and ô be the covolume and density of 
the propellant. 


8.12 Assumptions 
We assume the form function, 


¢=1-f (1) 


The common shapes, tube, ribbon, and multitube, have effective form 
factors @ sufficiently close to zero to make a successful practical analysis 
possible with @ = 0. Only for charges of cord is equation 1 far from 
sufficient. 

We assume the conventional Lagrange correction, which ought to be 
little more inaccurate than in an orthodox gun. Hence, 


W. aA = AP (2) 
2 a 2 
where ; 
E 
We = W, + 3 (3) 


We assume a rate of burning proportional to pressure, that is, 


D ad BP (4) 

d M 
We adopt the isothermal approximation, in which a mean temperature 
of the propellant gases is assumed throughout the period of burning of 
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the charge. Let the corresponding force constant be A. This applies 
throughout both chambers and bore, and we neglect the small regions 
near the venturi where other conditions hold. 

We represent the initial resistance to motion of the shot by a change 
of effective rate of burning. The rate 8 is the adjusted rate. It may be 
seen that in this and the preceding assumption that we are following 
the basic level of accuracy of chapter 4. 

The pressures at inlet and exit of the nozzle are P, and P2, as near as 
matters. Let y be the ratio of the specific heats at constant pressure 
and constant volume, for the propellant gases. If 


Pe 2 yi(y¥—1) 
fm ( ) (5) 
Py += 4 


then the rate of flow is settled by P, alone. This is a familiar result in 
the one-dimensional theory of nozzles. There should, as a matter of 
fact, be a covolume correction to this critical ratio, the magnitude of 
which has been worked out by Rateau and discussed in § 7.21. The cor- 
rection amounts to about 7 per cent for y = 1.25 and P, = 25 tons/sq 
in. For this value of y, the condition 5 is 


P2 
— < 0.555 
Py 


The covolume also alters the rate of flow at a given pressure; it can be 
shown that the error is less than 7 per cent for pressures up to 25 tons/sq 
in. Thus we shall omit covolume effects on the flow between the two 
chambers, but not the direct effect on the equation of state. 

For P; and Pz satisfying equation 5, the rate of flow is 


YSP: 
a (6) 


where y is a numerical factor, which depends’ on y but which lies within 
1 per cent of 0.66 for all normal propellants. A correction for friction 
and heat losses in the nozzle should be added to y: a 5 per cent reduction, 
which is reasonable, makes y about 0.63. 

If P/P, is greater than the limit mentioned in equation 5, the rate of 


flow is, for y = 1.25, 
zSP, {P2\°8 P,\°?]% 
He) EG) | © 
\* NPI P, 


where z is 3.162 for no friction losses. With allowance for friction, one 
may take z = 3.00. Another way to express the difference between 
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equations 6 and 7 is by their ratio, which can be regarded as the factor 
representing the effect of back pressure on the flow. Table 8.1 shows 
some typical values and will be found useful in approximate calculations 
when P2/P, exceeds 0.55. 


TABLE 8.1 Tue Back-PRESSURE FACTOR 


P/P: Factor P/P: Factor 
0.56 1 0.94 0.507 
0.6 0.995 0.96 0.419 
0.7 0.948 . 0.98 0.300 
0.8 0.840 0.99 0.214 
0.85 0.755 0.997 0.117 
0.9 0.638 1 0 


We shall assume that P/P, remains throughout at less than the 
critical value, equation 5. The simplicity that this introduces into the 
mathematics will be seen later. This assumption seems to be usually 
obeyed in the practical examples of the high-low-pressure gun. 

We assume that no unburnt propellant passes the nozzle. This is 
probably true in the later types of H/L gun with a number of small 
nozzles in parallel between the two chambers. With normal ignition no 
appreciable error is expected from this assumption. 


8.13 Equations of interior ballistics up to ‘“‘burnt”’ 
The first chamber. The equation of state for the gas in the first cham- 


ber is 
cil — 
P, | i e = CN = CNA (8) 
and for that in the second chamber and bore is 
Pa[U2 + Az — C( — N)n] = CAC — N) (9) 
Also, ' 
dN d SP 
— =F (10) 
dt dt CA? 
B YS ) 
= | — — —-] P 11 
(= cre} * (1) 
since 
d P 
a? prr (12) 
dt D 
Hence, 


N = (1 — Y)ọ (13) 
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where 
, ySD 


= BOR” (14) 


This dimensionless parameter Y was found to play a fundamental part 
in the ballistics of recoilless guns, where S was the throat area of the 
venturi in the breech. W is equally important in the theory of the H/L 
gun, where W is of the order of 0.5. 

Substituting from equation 13 into equation 8, we have 


C í J | 
CA(1 — ¥ -= P, |v — — — C(1 — V)d in — ——— 15 
( J “3 ( je jn 1 —w)/ (15) 
Thus the pressure builds up in the first chamber as if it were a closed 
vessel with charge C(1 — WV), covolume 7, density 6(1 — Y), and web 
size D. 
From equations 12 and 15, 


do BCN(1 — ¥)o uo as) 
dt C 1 1 + bo 
D| Us — = — C6 jal — ¥) — = 
where 
BCA(L — Y) 
p= (17) 
E 
»(v.-9) 
ô 
and 


o-a- 
b = —— (18) 


Note that b may have either sign. Taking the origin of time when 
$ = 1, the solution of equation 16 is 


pere-b c e (19) 
The pressure in the first chamber is 
Cr(1 — F)ọ 
Py = A (20) 
(v: = ~) (1 + bọ) 
whose maximum value is 
CrCl — Y) 
Pin = (21) 


oh 
(v = =) (1 +b) 
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The second chamber and bore. The equations for the second chamber 


and bore are simply 


W er AP 
2 7 2 
and 
CVAd 
2 U+ Ax — C¥nd 
Hence, 
dV - ACY (1 + bd) 
dp U nCW¢ 
ne (FZ Ba aaa” ) 
If Ua = 0, then, for small ¢, 
CYA Ca — ¥ 
ae ae ati E A a 
Us C 


so that initially 


Å 

Ui —— 
= =( = ( j (Uz = 0) 
A kes a ; 

Returning to equation 24, we write 
ow) Gt) 
X = u| — — 
a ha a °% 


which, with equation 24, leads to 


fi $ pn 


dọ \1 + bp dẹ/ X — v9 
where 
oH >y 
"AER A 


(22) 
(23) 


(24) 


(25) 


(26) 


(27) 


(28) 


b and v will both be small. It is easy to show that v is roughly 2nP/d, 
where P is the space-mean pressure on the shot up to “burnt.” For a 
gun working at P = 8 tons/sq in., which is not likely to be exceeded in 
H/L guns, » is less than 0.3. The value of b increases with the density 
of loading, and, for a density of loading of 0.8 g/cc, the limits of b are 
—0.6 and +1. For practical values of v the range of values of b is —0.5 
to 0.5. We may expect, therefore, that for H/L guns b will usually be 


small but larger than v. 
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The solution that passes through X = 0 at ¢ = 0 is 


y 4b 4y? 44 
X= % 2 (= —)¢ 3 0 5% 
267 + 5? $ 5 T 125 top 5 Ome” +5 $ 
F Faa +00?) (29) 
This, then, is the solution for Up. = 0. 
In terms of X and rv, we have, for all solutions, 
u(We2CWr) 4p 


Pa = —— 30 
ae ir on) (30) 


For the particular solution 29, 


(WCU) | Ov = B) 
P, = ————_}1+—9%+4+(— -— 
: 2A Tee TNs 5)? 


ee oy % 2 
Ds byp”? + = ty? + | (31) 
The maximum of Pz occurs at ¢ = 1 unless b is greater than 5¢, and even 
then only if v is small. Forthe high density of loading of 0.9 g/cc, b is 
greater than 5¢ only if Y > 0.74, and for lower and more practical den- 
sities of loading, Y must be still greater; for example, at a density of load- 
ing of 0.7 g/cc the peak of Pz always occurs at ¢ = 1. Hence it is only 
in the most extreme cases that P2(¢@ = 1) will not be the maximum 
pressure P2,,, and even here they will agree closely. Therefore, 


u(WoCWd)” ( 2v 187 2b ) 
PR ils leek E E Meech a: 
2A 


— 


(32) 
5 125 5 


and 


Pom B + b)(ACW.Y)” ( 2v 18? 2b ) 
—_— E aaam 1 — _ eee 33 
Pin 2AD t 5 ij 125 5 = (33) 


For values of ¢ less than unity, P/P, is nearly proportional to ¢~”. 
If we go back in the solution toward smaller values of ¢, we arrive al- 
ways at a state in which our basic assumption, 


P2 
— < 0.555 
Py 


is violated. This means that our particular solution 29 is not a physi- 
cally acceptable solution for small ¢, though it is of course an exact 
solution of equation 27. The paradox that P/P tends to infinity as ¢ 
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tends to zero is of no physical significance; this behavior would be 
eliminated in a real gun by ¥ tending to zero as P2/P, approached unity. 
For the velocity corresponding to equation 29, we have 


_ $ (ed ges 
IF dd 
(=) | “4? + (24 <4 ” 
AW, oe Bere hay Y 
Sby 7 
el 2 — — p? 54 | 34 
tan ai $” + (34) 


and the velocity at “burnt” is 
y (= siTe ae + b + 6y? 1 3by 7 on | (35) 
A- A Wa 125 425 130 


The particular solution obtained up to the present applies only if 
U> = 0. A series solution can be obtained if Up > Azg. This is 


¢ i= 3b -X= ) os =F t= 1 
X= E = oa 
6 + 1X, IXS $ + 


Xo 
T = 7) A ; 
= Ai FE O LR -- (36 

12X,3 ix) ex’ (36) 


9X, i 36X0" 


The corresponding pressure is 


WCA)” > ea | 
eo 2 ) EE $ 


AXo Xo? 
$ |: —»Xo (L—»X)? 3b i eal — 1) 
4Xo* x; 4X? Xo’ 
7(#Xo — 1)? b 16b(1 — vXo) b? 
- —— = metel - n ato | (37) 
12X0 12X0 9Xo 6Xo 


and the velocity is 


z $ cai £ m = 1 vXo — ` kt [22 — 13 
~ Xo(1 + b4) \ We 2 2X02 3X4 


vXo — 1 b 5b(vX0 — 1) 
108X; 4X; 6X? 


ar po | (38) 
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For Xo > 5, this solution is convenient and accurate. For nonzero 
values of Xọ such that these series do not converge sufficiently rapidly, 
it is best to integrate equation 27 numerically, The boundary conditions 


dX 
are that $ S = 0 and ¥ = Xpat ¢ = 0. Since we are interested in 
$ 


the pressure, velocity, and travel only at ¢ = 1, the results can be tab- 
ulated very simply, as in Tables 8.2, 8.3, and 8.4. Here we tabulate X 


Tane 8.2 Vatues or X/(2 + Xo) at Burnt, as a Power Series IN 5 AND r 


The coefficients should be interpolated linearly with respect to Xp. 


Xo 

0 1.000 
0.05 0.964 
0.1 0.928 
0.15 0.894 
0.2 0.861 
0.25 0.830 
0.3 0.801 
0.35 0.773 
0.4 0.747 
0.45 0.724 
0.5 0.703 
0.55 0.687 
0.6 0.674 
0.65 0.662 
0.7 0.651 
0.75 0.642 
0.8 0.634 
0.9 0.621 
1.0 0.611 
lt 0. 604 
14 0.600 
12 0, 600 
1} 0.602 
13 0.609 
2 0.618 
24 0.641 
3 0.665 
34 0, 688 
4 0.708 
4} 0.726 
5 0.743 


+0.400b 


+0. 3555 


+0. 3085 


+0. 2625 
+0. 239b 


+0. 2186 


+0. 1986 
+0.1816 


+0. 1626 
+0. 1465 
+0, 1325 
+0. 1206 


+0, 100% 
+0 ,.0845 


+0.0615 
+0.047b 
+0.0876 


+0.080b - 


+0.0256 
+0.021b 


viiene Google 


+0.032h" 


+0.030%° 


+0.025b° 


+0.020b" 


+0,016b7 


+0. 0130" 
+0.01057 
+0. 0075" 
+0.0055" 
+0.00357 
+0, 0025" 


+0. 100r 


+0. 095r 


+0.085r 


+0. 065r 


+0 .045p 


+0. 03r 


+0 a IRAT 


+0.015r 


+0. 009r 
+0. 005» 
+0. 002r 
+0. 000r 


+0. 000r 


+0. 05br 


+0. 05d 


+0. Othe 


+0.01 be 


+0, 01 by 
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TaBLE 8.3 VALUES OF (- a) = 


itb — AT "BURNT" 


dh 


The coefficients should be interpolated linearly with respect to Xo. 


Xo 

1.1 1.425 +0.515b —0.081%" +0. 40i +0 .07by 

1.3 410 +0. 542b +0. 378r 

1.5 1.392 +0. 560b -0.070% +0. 350r +0. 125br 

1ł 1.368 +0.576b 

2 1.344 +0.585b —0.054b" +0. 285¢ +0. 12br 

2} 1,322 +0.5905 

2) 1.301 +0. 5936 —0.03487 +0. 204» +0. 1155» 

3 1.264 +0. 502b —0.016%? +0. 200» +0. 105» 

af 1.234 +0. 5876 —0.008b? +0. 174» +0.09b» 

4 1.210 +0, 5806 —0.000b? +0. 152» +0.08b» 

4$ 1.191 +0. 135» 

5 1.175 +0. 564b +0.0375" +0. 123» +0. 056 
l dX ii tH 

TaBLe 8.4 VALUES OF TEE AT “BuRNtT 
The coefficients should be interpolated linearly with respect to Xo. 

Xo 

0 1.000 +0.2176 —0,.070b? +0. 210% +0.00b» 

0.05 1.018 

0.1 1.027 +0, 2265 +0). 235» 

0,15 1.029 

0.2 1.025 +0. 234b +0. 253» 

0.25 1.015 

0.3 1.000 +0, 2416 +0. 264r 

0.4 0.965 +0, 2476 +0. 208% 

0.5 0.924 +0, 2516 —0.056b7 +0. 265p +0.01be 

0.6 0.881 +0). 253b 40.257 

0.7 0.837 +0. 254b +0, 247p 

0.8 0.795 40,253b 4+0.233r 

0.9 0.754 +0, 2525 +0. 220r 

1.0 0.715 +0. 2495 —0.042b7 +0.03b. 

1.1 0.678 +0. 245 +0, 191r 


and dX /d¢, both at ¢ = 1. From these can at once be obtained 


u(WeCn)"4 
= ——_—— 39 
in (x -») (39) 
| X — Xp f~ACv\" 
Travel at “burnt” = a= ( , ) (40) 
u Wa 
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and 


Velocity at “burnt” = (41) 


1 (a) dX 
1+6\W, dp 
Linear interpolation leads to errors of, at most, 0.002 in Xg/(2 + Xo) 
and 1 in 400 in (dX/d¢)g. Other errors can arise from our approxi- 
mate representation of the computed results, so that the possible errors 
are doubled. This accuracy is ample, in view of the simplifying assump- 
tions made in our theory. 

We have shown that, if Ua = 0, the maximum of P- occurs at “burnt” 
except in extreme cases. Now an increase of the chamber volume of a 
gun causes the maximum pressure to occur at larger values of œ. Hence 
we see, and this can also be verified from the numerical solutions, that 
it. is only in the most extreme cases that the peak bore pressure does not 
occur at “burnt.” 


8.14 Interior ballistics after “‘burnt”’ 

So long as P,/P, < 0.555, the gas flow from the first chamber is the 
same as if Pa were zero, and the rate of decay of pressure is given by 
Hugoniot’s theory with Rateau's corrections for covolume (see chapter 
9). It is probable, however, that covolume corrections will be small in 
all practical high-low-pressure guns. In such a case, 


cil pioa WA i —żŻyiiy—l1) 
i= oe : £) (42) 
Ui — C(1 — Y) 6, 
and 
i —2/(+—1) 
v=a-w(1+=) (43) 
ëi 
where 
j 2U; (44) 
T (y — 1)pSn’# 


The gas in the second chamber and bore also expands adiabatically. 
The equations are: 


P= _ SOAP (45) 
Ua + Az — cu = N)q 
We wl = AP, , (46) 
dt 


together with the equation of energy, 
Ch W,[fdr\ fdr? 
Bean H-E] e 


y= l 2 


324 Some Special Types of Gun 


We have written T’ for the ratio of the gas temperature to the mean 
value it had during burning. Suffix E refers to conditions at “burnt.” 
Differentiating equation 47 and using equations 45 and 46, we have 


dN dT’ —1)(1-—N)T'A dx 
pN a piln ora 
di di [Ug + Az — CU — N)yl dt 
which integrates to 


(| 


Us + Az —C(l = N)y 
Uo + Are —CO — By 


To obtain the muzzle velocity, therefore, we guess N for the period 
after “burnt,” and determine (1 — N)7" from equation 48 and the 
muzzle velocity from equation 47. The mean velocity after “burnt” 
gives the epoch of shot ejection and so, from equation 43, the value of N 
at that instant. We then verify that our first was sufficiently ac- 
curate. 

Finally we insert our value of (1 — N)T" in equation 45 and our es- 
timate for the time of shot ejection in equation 42 and examine whether 
Paś P, is still less than 0.555 at the muzzle. 

Although equations 43 and 44 apply only if Pa/ P, is less than 0.555, 
the equations 47 and 48 are always true. If P2/P, is greater than 0.555 
for all or part of the period after “burnt,” y in equation 44 should be 
multiplied by an appropriate ‘‘back-pressure factor” from Table 8.1. 
Equation 43 can still be used, as an approximation, with the new and 
larger value of 6,, when finding Ñ for the period after “burnt.” 


—(y — l) og | | (48) 


8.15 Summary of the working formulas 
In practice, one is often interested only in certain salient features of 
the ballistic solution. The first of these is the peak pressure in the 
propellant chamber: 


be aoe (21) 
(v = + (1 +b) 
where ySD 
= (14) 
aai BCN” 
ofj-w-] 
b= ao k (18) 


ii, 
at 
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If Ps/P; is later found to be greater than 0.555 for all or part of the 
time, ¥ is multiplied by an appropriate ‘“‘back-pressure factor” from 
Table 8.1. 


We calculate 
CA — F 
= BOU- ¥) (17) 
D (v 1- c) 
å 
and, from the initial volume U of the second chamber, we find 
us ( Wa y 
Xo = — 26 
= A ce a 
where 
W, = W,+ 3C (3) 
We work out A 
WC 
y= na) (28) 
A A 


From Tables 8.2 through 8.4 we obtain X and dX /d¢ at “burnt.” Then 
the peak pressure in the bore is 


u(W2CWr)* 
Pom = “Ate atl (39) 


the travel at “burnt” is 
(X — Xa) eaj 


X (40) 
s m Wa 
and the velocity at “burnt” is 
1 ACYN dX 
—— | —]| — (41) 
1+b\ Ws dẹ 


It remains only to find the muzzle velocity. At “burnt,” N = 1 — ¥. 
We guess Ñ for the period from “burnt” to shot ejection and calculate 
(1 — N)T’ from 
(1 — N)T' | U, + Ar — Cll = uli 
pO PE] A ning a 
: ne Uz + Arg — C(L — N )y na 


The muzzle velocity then comes from 


2CA 
z 2 =i) = T" 47 
em Vi ag SO (47) 
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The mean velocity after “burnt” gives the epoch of shot ejection, and so 
the value of N at that time, from 


i =—2/ty—l) 
v=a-w(1+-) (43) 
fı 
where 
i ae 2U} l (44) 
"(y= yS“ 


N is calculated and, if necessary, the muzzle velocity repeated with this 
better Ñ. 


8.16 The maximum possible piezometric efficiency 

Some German ballisticians have claimed that a high-low-pressure gun 
can be designed with a higher piezometric efficiency than any orthodox 
gun. The theoretical maximum piezometric efficiency obtainable from 
orthodox guns depends to some extent on the details of the theory used, 
and, in particular, on the type of resistance that is assumed to oppose 
the motion of the shot. The theory of chapter 4 gives a maximum of 88 
per cent, if “burnt” must lie inside the gun or at the muzzle; other 
theories give results between 85 and 90 per cent. It is clear that in any 
event 85 per cent is possible, so that the room for improvement by the 
H/L principle is small. 

Consider now an H/L gun for which Pa/ Pi is less than 0.555 through- 
out the firing. Then ¥ is a constant, and our theory is as accurate as, 
say, that of chapter 4. The maximum piezometric efficiency of a given 
gun obviously occurs when “burnt” coincides with shot ejection. The 
muzzle energy of the shot is then 


Ct Wi i (49) 
2(1 + b)? Wa \do/e 


The maximum value of Wi/ Wa is unity. Also the peak pressure in the 
bore is 


u(W2Cwnr)” 
P an = = 
A(Xpz — v) 
and the travel is 
(Xp — XQ) (ey 
rtg = ————_| — 
B Wa 
so that the work done by Pom acting through a distance zg would be 
Ag — A. 
ACY (=—5) (50) 
Xal- r 
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From equations 49 and 50 the piezometric efficiency is 


= 2 
Pee e (=) (51) 
2(1 + b)*(Xg — Xo) \do/e 


For b = r = 0, this is a function of Xo alone. The PE starts at 0.5 for 
Ao = 0, rises to a maximum of about 0.6 near Xo = 14, and then falls 
to 0.5 again as Xp tends to infinity. Increase of b increases the upper 
limit of the PE. For 6 = 0.5, which is not likely to be exceeded in 
practice, the maximum PE is still less than 0.75. v has very little in- 
fluence on this limit, a value of r = 0.2 changing the piezometric effi- 
ciency by only 0.01. 

Hence for H/L guns in which P2/P, is always less than 0.555, the 
piezometric efficiency cannot exceed 0.8, which is less than can be ob- 
tained from orthodox guns. 

Although our equations can be applied as a guide when P2/P, exceeds 
0.555 for part or all of the solution, they become increasingly inaccurate 
as this ratio approaches unity; indeed, our solution does not include that 
of chapter 4 as a special case, in spite of having the same basic approxi- 
mations. This arises from our having assumed that the parameter ¥ is 
constant during the solution. An orthodox gun can, if we like, be re- 
garded as having a propellant chamber, a vanishingly small second 
chamber, and a connecting nozzle of full bore area. The equations for 
such a system are included in our fundamental set, but as the variation 
of ¥ is important our method of solution fails. 

If any H/L gun has a better piezometric efficiency than can be ob- 
tained from an orthodox gun, then the ratio P:/P, must be greater 
than 0.555 for a large part of the motion. 


8.2 Small arms 


The class of “small arms” is defined as consisting of those weapons 
whose recoil is sufficiently small to be taken directly by the firer and 
whose weight enables them to be carried by one man. Ballistically, the 
differences between “small arms” and “guns” are well marked, so that 
it is possible to recognize in a given weapon either ‘‘small-arms behavior” 
or “gun behavior.” 

The most important special features of small arms are the following: 

1, The ballistics are much more sensitive to the details of the ignition. 

2. Cooling to the walls of the bore is more important, because of the 
greater surface/volume ratio. 

3. S.A. projectiles are normally not banded. The outside layer is a 
relatively soft metal, which 1s pressed into the rifling by deformation of 


vases, Google E NC 
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the whole bullet under the high acceleration in the bore. In calibers of 
20 mm and over, however, ordinary bands are used. 

4. The propellants are often “moderated,” that is, coated with slowly 
burning layers. | 

When the third effect is present it makes a great difference to the 
form of the resistance to motion of the shot. Instead of a high resistance 
at the start, dropping rapidly to a much smaller value, the resistance is 
now small at the start, building up to a maximum somewhat before peak 
pressure; thereafter the resistance decreases slowly.” Of the simple ways 
to represent resistance in the theory, the best appears to be the increase 
of effective shot mass. Even so, predictions based on such a model are 
not always successful. 

Moderated propellants also complicate the theory, to which the mod- 
ifications are indeed of an obvious type, but inconvenient in most 
analytical solutions. 

The need to consider ignition as an important factor makes an ac- 
curate theory of small arms more elaborate than a corresponding theory 
for guns. At the same time the simple ‘working schemes” are handi- 
capped by not being able to allow for this important factor, which, in- 
deed, it is not easy to put into numerical form. Ballistic methods for 
small arms are accordingly more empirical than for guns and rarely more 
sophisticated than the isothermal model of chapter 4. 

A point of some interest is raised by the development of recoilless 
guns, Which have been produced as one-man weapons in calibers as 
large as 9 cm. Are these to be called guns or small arms? Although 
from the points of recoil and weight they may appear to be "small 
arms,” in calibers over 4 cm, at least, their ballistic behavior is that 
typical of a gun. 


8.3 Composite charges 

Throughout this book up to this point we have assumed that all the 
pieces of the charge have the same nominal dimensions and uniform 
composition through the depth of the grain. We have referred briefly 
to the effects produced by the real variation of web size from one grain 
to another, which makes the charge more degressive than one would 
expect from its nominal shape. The discussion of chapter 2 was intended 
to cover only small variations in the size. The “composite charges,” 
which we are now to consider, consist of a mixture of grains of two or 
more nominal sizes, usually with the same composition but quite often 
with different shapes. The practical application is to the successive 


2 For experimental results on the resistance of S.A. projectiles, see Bodlien, 2. ges. 
Schiess- u. Sprengstoffw., 34 (1939), 33, 65, 97, and references therein. 
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charges of howitzers. Here the bottom charge has to be small in weight 
in order to keep the muzzle velocity low; to start the shot with certainty 
needs a peak pressure of at least 3 tons/sq in. and preferably 4 tons/sq 
in., Which can be attained on a small charge only if the web is very 
small. Thus the bottom charge is a small weight of a small size. The 
higher charges cannot be formed by addition of more of the same size, 
since the peak working pressure of the gun would soon be exceeded. 
The higher charges are therefore a mixture of various weights and sizes 
and even of shapes: mixtures of cord and tube have been used. It must 
be added that the top charge is often a completely separate charge of a 
single large web size, to get the utmost performance out of the gun. 

Such composite charges are usually of a single chemical composition. 
An example where this is not so occurs in the treatment of an ignition 
system as a partial charge of different force and web size to the main 
charge. 

Closely related problems occur when the propellant charge is composed 
of nominally identical grains, each of which is “moderated.” This means 
that the first part to be burnt is a cool, slow-burning type, which covers 
a core of much faster propellant. This gives the same ballistic effects 
as a progressive shape. Moderated propellants are found chiefly in 
small-arms practice; one reason is that the optimum density of loading 
for a progressive charge is greater than for cord or tube and can be at- 
tained only with difficulty in a gun cartridge. It is easier to obtain a 
high density of loading in a small-arms cartridge. 

Propellants could be made with a “negative moderation,” but the 
ballistic effects could be obtained more easily by using cords or thin 
plates. Other surface treatments of grains include glazing with graphite, 
to reduce the risks of static electricity during loading, and coating with a 
thin film of catalyst for ignition. Both surface films are too thin to play 
a part in the central problem of interior ballistics; the catalyst merely 
helps to make our normal assumptions about the start of burning more 
nearly correct. 


8.31 Reduction of a composite charge to a single effective 
web size 

We shall deal first with a charge consisting of several nominal sizes, 
each grain being unmoderated. We shall attempt to find a charge of a 
single web size that would give the same ballistics. 

In the equations of interior ballistics appear eight characteristics of 
the charge: its weight C, covolume n, density å, force constant RETo, ef- 
fective ratio of specific heats +, index of the rate of burning aœ, form 
factor 0, and finally D/8, which is related to the burning time. These 
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parameters occur as (1) CRT», Ch — (1/6)] and C/'6 in the equation of 
state; (2) CRT)/(y — 1) in the energy equation; (3) C in the Lagrange 
pressure-gradient corrections; (4) a, 0, and D/§ in the equations of burn- 
ing. 

Suppose we mix two charges, C and Ca, of different sizes, shapes, and 
compositions. We wish to find an equivalent composite charge of the 
same shapes and sizes but of a single composition. We can assume that 
the two compositions have the same index of the rate of burning, for, if 
not, then the index of one can be altered with a nearly counterbalancing 
change in the form function—this change will be, of course, somewhat 
different for each ballistic solution. Let the new charge weights be C,’ 
and Cy’, and let their density be å and their force constant RT). Then, 
if we define 

— CıRTo + C2kT oz 


RT, = 52 
Ci + Ca 2) 
C, Cs 
1 by by 
== 53 
ê C,+C, si 
CRT 1 
Cc, = — EN 
1 RT, (54) 
and 
CORT a2 
Cy == 55 
2 RT, (55) 
we have 


Ci’ + Cy = Ci + Ca 


and so the Lagrange terms are the same in the two systems. The equa- 
tions of state differ at most in the covolume correction terms, which 


agree if both (a) 
SES 
$ a ke ae 


=- —_— 56 
RT 1 KT 2 $58) 


and (b) a mean y — 1/4, defined by 


Etat (57) 
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is used for the mean composition. Alternatively, we can arrange 


Cim + Cone 


J= 
Ci te 


as an alternative to equation 53, but there is no way to make the equa- 
tions of state agree exactly unless a is satisfied, For all that, the dif- 
ference is small in practice. 

The energy equations agree only if y4 = ye; here again the difference 
is only rarely of importance. This completes the reduction to a single 
composition. 

We have now to find a single charge C, of web size D and form factor 
ð, which gives the same ballistic equations as a composite charge (Ci, 
Cs) of webs (Di, Do) and form factors (@), 62). We shall consider the 
special case where both 6, and 62 are zero, which is roughly true for tube 
or multitubular propellant. Other cases can be treated by the same 
process with differences only in the algebra. These we leave as an ex- 
ercise for the reader. 

Suppose, then, that 


with D, less than Dy. The equivalent charge weight C must be 
C=C,+C, (58) 


to give the same equations after “burnt.” Let @ be the fraction of this 
charge burnt at time ¢, and let Df be the corresponding remaining part 
of the initial web D. The composite charge completes ita burning at 
a time T given by 


T 
f BP” dt = De 
0 
and the single equivalent charge at a time given by 
T 
Í BP* dt = D 
0 


Hence, D must be equal to Da, and f = fa. 
The faster part of the composite charge burns out when 


Dı 


h=l- 
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Before this time the rate of generation of gas is, for the composite charge, 


ndhi dpa -(= e2) D df 
di dt D D d 


and for the single equivalent charge is 
(Ci + Ca) “3s 
1 aiT 


To ensure that gas is evolved at the same rate by both charges we must 


take 
dp (+ =) df 
C Co) — = = | — + — | D — 
(Cı + a) W D 27 
giving 
E (Cy Dz + Beet =F) (59) 
D (Cy + Ca) 
for 
D, 
fz1-— 
D: 
When 
Dı 
f<1-— 
De 
it is found that 
Ci, + Caf) 
2 (60) 
Ci + Cz 
Thus, the (¢, f) relation is a pair of straight lines meeting at 
Dı 
ee oe 
Do 


where there is a discontinuity of slope. When the charge of smallest 
web is in cord form the (¢, f) curve has no discontinuity of slope. 

The relation 59-60 is now to be approximated by one of the form 
functions used for single charges. When this is done, the ballistic solu- 
tion for the composite charge can be obtained from any of our previous 
methods for single charges. We take our usual form function, 


ẹ = (1—f)d + &) 


which we shall fit to the relation 59-60. The fitting cannot be exact and 
consequently is a little arbitrary. One plausible way is to choose @ to 
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give the same area under the (¢, f) curve as the pair of lines 59-60. The 


area, 
J 1 
df = - 

Je if a 


The area under the true form function is 
1l CiD — Di) 


2 2D,(Cy + Ca) 


so that the equivalent form factor is 


(=E =] 


z 3C (Dz — Dı) (61) 
(Cy + CalDe 
This can be used in a normal ballistic method only if @ < 1, that is, if 
3 Dı + Ci <2 (62) 
Da Cy 


In practice equation 62 is nearly always satisfìed. In the exceptional 
cases where the composite charge is more degressive than a single charge 
of cord, a form function more complicated than the standard type must 
be used. The obvious choice is 


$ = (1-A ++ of?) 


which would cover all strengths of degression up to and including spheres 
or cubes (0 = 6’ = 1). As we have said, the need for such a degressive 
form rarely arises except with composite charges and also with chopped 
cord, used a little in weapons not usually given a theoretical analysis. 

It is interesting to calculate from equation 61 the increase of @ caused 
by a small heterogeneity of web. Suppose, for example, that 20 per cent 
of the tubes have a web 20 per cent smaller than the nominal size, then 
8 will be 0.1, 

Moderated propellants can be treated by using a suitable form func- 
tion in the orthodox equations. Normally the form function will be less 
degressive than an unmoderated propellant of the same geometrical 
shape. This prevents any difficulty from @ becoming greater than unity. 
Since the variation of burning rate between different layers of the grain 
is achieved by a variation of the composition, causing a variation of the 
force constant, the reduction to a uniform composition has to allow for 
both factors. The correction to a single force is closely related to the 
process by which we reduced the problem of a mixture of two composi- 
tions to a single mean composition. 
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8.4 Tapered-bore guns 

The first conception of a gun with a bore cross section varying along 
its length is due to Puff * (1903), His bore was to be a section of a con- 
verging cone, and the projectile was to have a form that could be swaged 
down during the travel. Apparently Puff was never able to construct 
such a weapon. Toward the end of the 
1920's Gehrlich announced a superveloc- 
ity rifle, which turned out to be a coned- 
bore gun. His claims led to a vigorous 
discussion* of just what had been 
achieved. The discussion did show that 
the high muzzle energy of his gun was in 
line with orthodox weapons of the same 
charge weight and bore volume; the coned- 
bore gun was shorter than the orthodox 
gun with the same performance and emer- 
gent caliber; alternatively, the shot from 
a coned-bore weapon had better exterior 
ballistics than an orthodox shot of the 
same weight fired at the same velocity 
from a normal gun of equal length. 

This having been made clear, the 
tapered-bore gun fell out of the litera- 
ture, and no more was heard of it until 
1941. In June of that year a specimen of 
the first such gun to go into service was 
captured in Libya. In Fig. 8.2 is shown 
the shot used by this gun, the 28/20-mm 
| Pz B 41, in the expanded state before 
Fie.8.2 The 28/20-mm armor- firing. The initial caliber was 28 mm and 
niger, shot ae oa aes the final caliber 20 mm, and the contrac- 
He CO APSINE Manges, Wate’ We tion took place over most of the central 
si aad neat SER part of the shot travel. The bore was 

riled throughout. The shot itself had 

an armor-pierecing core of tungsten carbide, sheathed in a free- 
cutting steel. The two flanges shown are wide enough to support 
the shot at the start of its motion and fold backward as the bore nar- 
rows. A few holes are pierced through the front flange to prevent gas 
being trapped during the swaging, which considerably reduces the avail- 
“a Puff, DRP, 183,614; 199,365. 

4Gehrlich, Heerestechnik (1920), 261. Justrow, Z. VDI (1935), 1417; Wehrtech, 
Monatshefte, 40 (1936), 80. Schmitz, Wehrlech. Monatshefle, 39 (1935), 149. 
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able volume between the flanges. The pressure of any trapped gas is 
sufficient to balloon the front flange as the shot leaves the muzzle, caus- 
ing high retardation or loss of accuracy, and in a bad case, such as firing 
from an oily bore, the projectile may come to pieces at the muzzle. 
Several other coned-bore antitank guns were developed in Germany 
before the end of 1943, when the shortage of tungsten made it not 
worth while to continue. Development in other countries went on to the 
end of World War II. The direction of development may be briefly in- 


Fic. 8.38 An experimental German muzzle squeeze on a 10.5-em gun giving an 
emergent caliber of 8.8 cm. 


dicated. The rifling of the cone (as in the 28/20) was difficult and was 
found to be unnecessary. Later guns had a short steeply rifled initial 
stretch of full caliber; then a smooth-bore slow cone, of slope about 1 in 
30; and a short muzzle section of constant caliber. The projectile was 
spun in the rifled section and increased its spin in the smooth bore 
simply by the reduction of its axial moment of inertia. 

A further step along the same line was the muzzle adapter (Fig. 8.3), 
which was the convergent section and final parallel, made as a separate 
section to be attached to the muzzle of a full-caliber weapon. This 
division of the gun enabled the tapered part, which wore most rapidly, 
to be replaced independently of the rest of the barrel. Such a construc- 
tion was used in British antitank guns and in German AA guns, in both 
cases with the aim of improving the usefulness of existing equipments. 
The largest gun turned into a coned bore in this way was a German 24 
cm; in this example a flanged shell was given a squeeze to 17 cm diameter. 
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A 2/1 reduction in area of section was normal. HE shell were fired suc- 
cessfully. 

The advantage gained by the tapered bore can be expressed in sev- 
eral ways. In the first place, we can get a normal muzzle energy from a 
larger gun volume working at a lower pressure: this means a longer life, 
due to the lower heat transmission per unit area; the barrel weight can 
also be reduced a little, although this increases the recoil energy and 
gives very little reduction in total weight of the whole equipment, ex- 
cept for a recoilless gun. Disadvantages of the coned bore are the more 
complicated projectile and a reduction of the ratio of HE content to 
total weight, owing to the metal used for the flanges. 

Once outside the gun, the coned-bore projectile has normal exterior 
ballistics. Indeed, if we take a normal muzzle energy per unit volume, 
the tapered-bore projectile has a better exterior-ballistic performance 
than its orthodox competitor. This latter virtue was emphasized in 
its earliest applications; for example, the Germans used shot of low 
weight, (caliber)? in their orthodox and coned-bore guns, giving velocities 
of 4000 ft/sec and high penetrations near the muzzle. The penetration 
of the coned-bore shot, however, fell less rapidly as the distance to the 
target increased. 

To sum up, the tapered-bore gun enables us to separate gun and pro- 
jectile design to a large extent, and so satisfy more requirements than 
would otherwise be possible. Just what advantage we take of this de- 
pends on what feature is most important in each particular project. 


8.41 The equations of interior ballistics for a tapered-bore 
gun 

There are three points that need special attention: 

1. The modification of the equations to allow for the variation of the 
cross section along the bore. 

2. The pressure gradient and hydrodynamic behavior of the gas in a 
eoned bore. 

3. The axial resistance caused by the swaging of the flanges. 

We may dispose of point 2 very quickly. The problem has never been 
studied properly. The light shot used in such guns give C/W of the 
order of unity; under these conditions the pressure gradient is not known 
accurately even for orthodox guns, as may be seen in the next chapter. 
The most that has been done for the tapered-bore gun is to carry over 
certain conventional approximations from the theory for the orthodox 
gun, as was done, for example, by Schmitz.’ In this way it appears that 
the coned-bore gun has a smaller pressure-gradient loss than an orthodox 
gun of the same charge and shot weights. This arises from less of the 


‘Schmitz, Wehrlech. Monatshefte, 39 (1935), 149. 
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gas moving with velocity of the order of the shot velocity. The ad- 
vantage is small, however, and less than the probable error of such a 
simple theory. 

The ballistic effects produced by the resistance due to swaging of the 
shot are the same as the results of bore resistance in a normal gun. This 
has been discussed in § 5.5. If the cone is merely a muzzle squeeze, the 
burning of the charge will have been completed before the shot begins 
to deform. The effect on the muzzle energy is simply a reduction by the 
amount of work done against the resistance. This cannot be found by 
quasistatic forcing experiments, because of the great difference be- 
tween the rates of strain and because of the change of friction with 
velocity. The work done against resistance is most easily found by firing 
with and without the muzzle squeeze. Static forcing does serve to in- 
dicate whether the wear is likely to be distributed evenly along the taper, 
and the design of bands and particularly the contours of the cone can be 
adjusted to eliminate peaks in the resistance. 

Swaging can occur during burning only if the coning of the bore ex- 
tends over most of the travel. The effect is qualitatively the same as in 
an orthodox gun: if resistance occurs before peak pressure, the latter is 
increased, whereas the muzzle velocity is increased only if the cone be- 
gins really early in the travel. As it happens, the resistance lowers the 
velocity in all the tapered-bore guns we have seen. 

We come now to the modification to the equations caused by the 
variation of the bore cross section A with the travel r. In the ballistic 
equations, the cross section appears in only two places: in the equation 
of motion, 


aV AWP 

wv — = ——— (63) 
ee 
23W 


and in the equation of state of the gas, 


C : C 
P| U faa -*) = ca (1 T) 64 
( Te a AT (64) 
For simplicity we are assuming that » = 1/6 and are using the iso- 


thermal model. Our conclusions will be equally true for ballistic 
theories of all levels of accuracy. 


Let U +fA dz — C6 be written as L(x). Then equations 63 and 64 
become 
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PL = Cor (1 + =) (66) 


7 = fa dt 


The equations of the problem are completed by the pair 


ab 
f= = (67) 
dr 


Write 


and 

dé _1do _ o, P) T 

dr <Adt A 
where g is a known function. We have now eliminated the varying 
cross section except from the equation of burning. It follows that 
the solution with a cross section varying in any manner corresponds, 
point by point, with the solution for the orthodox problem differing 
only by having a constant bore area. The velocities, fractions burnt, 
and pressures are equal when the volumes behind the projectile are 
equal; the time scales in the problems are related by a factor which 
varies during the travel. In a bore of decreasing area things take longer 
to happen near the muzzle. 

This transformation includes the correspondence between orthodox 
guns differing only in bore area, which is a special case of the similarity 
discussed in chapter 6. 

We see that the tapered-bore gun introduces nothing new into the 
central problem of interior ballistics. There are, of course, many in- 
teresting theoretical problems connected with the rapid deformation of 
the projectile, as well as the almost unexplored hydrodynamic problems. 


EXAMPLES 


1. Prove equation 7. 

2. Modify the theory of the H/L gun to apply to cord charges. . 

3. The German 8.8-cm W 71 had a high-pressure propellant chamber venting into 
a second chamber from which the gas passed cither to a rear-facing nozzle or through 
another nozzle into the bore. Write down the equations of an isothermal model for 
such a gun, and investigate the reduction to an equivalent recoiling H/L gun. 

4. Find a single charge equivalent to a composite charge of tube and cord, assum- 
ing that both burn with their “geometrical” form factors. 


The Hydrodynamic Problems 
of Interior Ballistics 


CHAPTER NINE 


9.1 Introduction to Lagrange’s ballistic problem 

One-dimensional theory is adequate for most hydrodynamic problems 
of the orthodox gun. In this theory it is assumed that across any one 
section normal to the axis of the bore the conditions are uniform, except 
for a thin boundary layer near the wall. This is likely to be a good ap- 
proximation in most problems and is certainly adequate for a general 
understanding of the phenomena. Some of the newer systems, such as 
tapered-bore guns and weapons with nozzles, appear to need two- 
dimensional hydrodynamics for a detailed explanation of all the ob- 
servations, though even here a simpler theory accounts for much of the 
behavior. In regard to orthodox guns, there is no reason to suppose that 
we shall quickly reach a stage at which we should begin to consider the 
small variation of conditions across a normal section. For the conse- 
quences of the one-dimensional theory are by no means completely ex- 
plored at present. It is true that progress is likely to be more rapid in 
future, because of the recent development of computing machines of 
revolutionary speed; as we shall explain in § 9.14, this is likely to make a 
considerable difference to the method of approach. 

The first and most important of the hydrodynamic problems of the 
gun is of respectable age, having been studied first by Lagrange in 1793.! 
This problem is to find the distribution of pressure, density, and gas 
velocity between the breech and the base of the shot at all times during 
the firing. That there will be usually a higher pressure at the breech is 
obvious from the fact that the propellant gases have themselves to be 
accelerated by this difference of pressure. On further examination, it 
is not obvious why the acceleration of all parts of the gas should be 
directed down the bore at all times, so that it is not necessarily true that 
the pressure at the breech is always higher than that everywhere else in 
the gas. This introduces the theory of waves of finite amplitude, as- 


1 Published in J. école polytech. (Paris), 21 (1832), 12. 
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sociated particularly with the names of Riemann and Hugoniot. The 
latter studied Lagrange’s problem in detail,? because of its importance 
as one of the simplest standard problems of hydrodynamics. His work 
was extended by Gossot and Liouville,’ and this line of attack was pushed 
to the limit by Love,’ in a classic paper, which is summarized in § 9.12. 

Lagrange did little more than begin the problem, but he introduced 
an approximation that is remarkably useful. The “Lagrange approxi- 
mation” assumes that the velocity of the gas at any instant increases 
linearly with distance along the bore, from zero at the breech to the full 
shot velocity at the base of the projectile. The consequences of this 
assumption were developed more fully by Piobert and later by Sébert, 
in the first and second halves of the nineteenth century. The numerical 
coefficients at which they arrived are still known by their names, and the 
results are still an accepted convention of interior ballistics. All the 
more detailed theories put forward up to the present time give only 
slightly different results, and so it is proper that we give here the con- 
ventional treatment. The problem is only just becoming accessible to 
experiment, but it is already clear that the deviations from this simple 
theory are quite large. However, there is at present no theory that 
comes nearer the empirical results. 

Before starting to discuss some of the work that has been done on 
Lagrange’s problem, one should mention certain conventional approxi- 
mations. The first is that the heat conductivity of the gas is so small 
that it has a negligible effect on the distribution of temperature along 
the bore. This may easily be verified. Another effect, which is small 
though not so extremely trivial as the first, is the pressure drop needed 
to force the gas down the bore against the skin friction of the walls. 
The subject of the transfer of heat and momentum in an accelerating 
flow such as this, is not yet in a final form. We shall follow an ap- 


2 Hugoniot, J. école polytech. (Paris), 68 (1889), 1. 

4 Gossot and Liouville, Mém. poudres, 17 (1914), 34. 

‘Love and Pidduck, Pail. Trans. Roy. Soc. (London), 222 (1921-22), 167. 

t Considering gases at rest under a typical distribution of temperature attained 
in their state of motion, we have the temperature at any point changing at the rate 
x dT oC dz*, where p is the density, C the specific heat per unit mass, at constant 
volume, and A the thermal conductivity of the gas. In ballistic problems pC is of the 
order of 0.1 cal/cm? deg, à is about 2 x 107* (cal/‘cm’sec) per (deg/cm), and d*7'/dx* 
is at the most 10 deg/caliber*, Hence, the temperature is being equalized at the rate 
of 2 x 107? deg per see per (caliber,'cm)*. For a caliber of 1 cm the times involved 
in the ballistic phenomena are of the order of 1 mesec. Thus, the heat conductivity of 
the gas is sufficiently small to have a negligible effect on the temperature differences 
generated by adiabatic compressions and expansions in different parts of the system. 
This conclusion remains true, even if we allow for heat transfer by turbulence mul- 
tiplying \ by a factor of as much as 10°, 
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proximate treatment (shortly to be published) by Hicks and Thornhill. 
As the flow in the gun is entirely “inlet length,” in the language of hy- 
drodynamics, they consider the flow as that over a flat plate parallel to 
the stream. Let x be the distance from the breech, y the coordinate of 
the base of the projectile, and d the caliber. Let u be the viscosity of the 
gas, p its density, and v its velocity at position r. By Lagrange’s approx- 
imation, sufficiently accurate here, p is independent of x, and 

paaa (1) 

y dt 

The viscosity is also independent of z. By using the boundary-layer 
momentum integral, as described in the next chapter, Hicks and Thorn- 
hill have shown that the logarithmic velocity distribution® applicable 
in the boundary layer at Reynolds numbers of 10° and upward gives a 
skin-friction drag per unit area ro approximating closely to 


ro = 0.0126pv°7R, 1" (2) 
where R, is the Reynolds number at distance z, namely: 


pur 
fai (3) 
H 


The pressure gradient needed to balance this drag is given by 


TE = rod (4) 


Integrating this with the help of equations 1, 2, and 3, we find 
2 2 7 ad 0,14 
| p fx" fdy\> fx” dy 
x) = p (breech) — 0.0185 (=) (2) (= ~) 5 
p(x) = p ( ) Ng) Nat) Ny at (5) 


The total drop of pressure down the gun is greatest when the shot is at 
the muzzle; dy/dt is then the muzzle velocity V, and y is L, the total 
length of the bore and chamber. Then, 


pV?L (E 


Ap = 0.0185 — (6) 


u 

For ballistically similar guns, Ap is proportional tod~"!*, Thus in going 
from a 15-in. gun to a rifle the pressure drop increases by a factor 1.7. 
At constant caliber, charge, and velocity, the pressure drop is inde- 
pendent of the length of the barrel. For given dimensions, the ratio of 


* Prandtl, in Aerodynamic Theory, vol. IIT (ed. Durand), p. 150. 
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this pressure drop to the pressure difference arising from inertia is propor- 
tional to C°"®V—-"*, where C is the charge weight. From these results 
we can say that the frictional drag is most important at small calibers 
and high velocities—but not if the latter are obtained by using a light- 
weight shot of small W/d*. In any case, the effect is always small. For 
a gun of 3 in. caliber and total length 50 calibers, giving 3000 ft/sec to a 
normal shot of 17 lb weight, the pressure drop due to friction is at most 
30 atm. The inertia pressure drop is about five times as big at this 
moment. For earlier times in the firing the inertia drop is bigger and the 
frictional drop much less. 

These considerations have assumed that the surface of the bore is 
hydrodynamically smooth. The rifling tends to disturb the flow, and 
some increase of the drag may be expected. Evidence on this point is 
contradictory, but it has never been suggested that the drag is more 
than 50 per cent greater on this account. Such an increase would not 
raise the frictional effects into real importance. When it is desired to 
take them into account this can be done with ample accuracy by simply 
adding the pressure drop shown in equation 5 to the inertia pressure 
drop derived later. 

A point that is almost always assumed, for simplicity, in studying 
Lagrange’s problem, is that the recoil of the barrel can be neglected. 
This is plausible, since recoil velocities and distances are of the order of 
l per cent of the corresponding quantities for the shot—except in certain 
low-velocity projectors where there is in any case no measurable La- 
grange gradient. Dr. Hepner has obtained the recoil corrections to 
Pidduck’s solution of § 9.13, and his results show how small is the effect. 

Another common assumption is that the chamber, of rather greater 
diameter than the bore, can be replaced by a cylindrical continuation of 
the bore, with the correct total volume. The present writer is not aware 
of any study of Lagrange’s problem that has not used this simplification, 
although Winter, Mém. artillerie franç., 18 (1939), 775, has described 
qualitatively the effect produced by the chamber diameter being greater 
than the bore diameter. 


9.11 The conventional solution 
It is assumed that all the propellant charge is in the gaseous form at 
the time considered. It is assumed also that at any time the gas density 
p is the same at all points: 
of Si 
ax 


(7) 


The equation of continuity is therefore 
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dp ð 
alone = 0 
di ðr (ov) 


which, with equation 7, gives 


The left side is independent of x; hence, the right-hand side integrates to 
v= -— (8) 


when we remember that v = 0 at the breech (z = 0) and v = dy/dt at 
the shot. 

The term “Lagrange approximation” is applied to equation 7 or 8. 
It has been shown that equation 7 leads to equation 8, but it is not true 
that equation 8 necessarily implies equation 7. 

The energy and momentum of the gas stream can now be found. The 


energy is 


f baw d: = 4CV" 
0 


where V is the velocity of the shot and C is the weight of the propellant. 
The total kinetic energy of projectile and charge is 


3(W + 3C)V? (9) 


The momentum is 


f Awa =icV 
o 
and the total momentum of shot and propellant is 


C 
WVF (1 + =) (10) 


More exact analytical solutions usually give for velocity and density 
the Lagrange approximations with other terms of higher order in C/W. 
Hence it is usual to find that the energy and momentum differ from those 
in equations 9 and 10 by terms of the relative order of (C/W)*; that is, 
the Lagrange corrections derived from equations 9 and 10 are correct 
to the order of C/W, if the common assumptions of these theories are 
correct. 
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For the pressure distribution we integrate the equation of motion of 
the gas: 


av dv ld 
Pa a -TP (11) 
at ox por 
which reduces, from equations 7 and 8, to 
ap x d’y 
ax ee di? 
With 
C 
p= Ay 


where A is the bore area, we find 


i= (2) ail (12) 
ia 2A \y/ dt? 
Let the pressure at the shot be pg, at the breech be pg, and let the re- 


sistance to the motion of the shot be written as an equivalent pressure 
pr over the bore area A. Then, 


wet na ) 
ea 


and, from equation 12 with x = y, 
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giving the pressure as a function of distance: 


= pat (1 at ) 
pP = ps 23W y? Ps PR 


In particular, the breech pressure is 


(1 + 2 ) (14) 
Pa = OW Ps ow DR | 


(13) 


and the mean pressure is 


l € 
p fe r ps + zry (ps Pr) (15) 
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If there is no bore resistance, 
=1+— (16) 


which should be compared with the ratio of the kinetic energy of the 
system to the kinetic energy of the shot alone: 


Total KE nn C 17) 
Shot KE 3W 


The similarity of equations 16 and 17 holds only to this order of approxi- 
mation. 

From equations 14 and 15 we find the ratio of breech to mean pres- 
sure, already used many times in this book, 


c 
H a 
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since this approximate theory is valid, if at all, only as far as the first 
power of C/W. 

If we write the equation of motion of the shot in terms of the breech 
pressure and a modified shot mass Wm, that is, 


wa 
mie DB 

instead of 

oF Ae = ae 

dé? ro ap 
then 
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The coefficient whose value turns out here to be one half is often called 
Sébert’s factor, If, like some writers on ballistics, we had used the mean 
pressure everywhere in our equations, the appropriate modified shot 
mass Wa’ would have been 


(20) 
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The set of coefficients 14, 44, and 144, which keep appearing in these 
equations, are the approximate numerical values of what are sometimes 
called Piobert’s first, second, and third coefficients, respectively. 

Up to this point we have assumed that all the charge has been con- 
verted into gas. Before this state the theory applies without alteration 
if it is assumed that the unburnt charge moves with the gas, the distribu- 
tion of solid along the bore being the same as the distribution of gas. 
This is a convenient assumption, but it is not supported by an examina- 
tion of the forces acting on the burning propellant (§9.5). It is con- 
ventional, however, to apply the formulas we have obtained to all stages 
of the ballistic solution. 

It is possible to obtain very simply an idea of the error caused by ap- 
plying these formulas before “burnt.” Assume, as before, that the gas 
density g is uniform through the bore, and that the propellant stays in 
the chamber, whose length is L. Then, 


Co 
SS (21) 
4, 0 -®) 
4 é 
In the space beyond the chamber, equation 2 leads to 
dy 
Ue + (z — y)flt) (22) 


which is more general than equation 8. At the junction between cham- 
ber and bore, 


d | 
(pv)z=L = dt [ely — L)] 
which with equation 22 gives 
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dt p dt 
which may be transformed by equation 21 to 
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This is a satisfactory generalization of equation 8; after “all burnt,” ¢ 
is unity, dp/dt is zero, and equation 23 reduces to equation 8. 
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We may now integrate 44Apv* with respect to r to find the kinetic 
energy of the gas; if we use equation 23 for z = L to y, and a linear 
variation for the part z = 0 to L, we can obtain a rough estimate of the 
deviation from the conventional value LCF”. The second term on the 
right of equation 23 is substantial and makes the gas velocity at some 
parts of the bore considerably higher than the velocity of the projectile, 
dy/dt. Numerical examples show that this effect sometimes more than 
balances the loss of energy arising because the moving mass is only Cø. 
Over a large part of the period of burning, C V° is close to the computed 
kinetic energy. 

The conclusion to be drawn from this rough treatment is that, if the 
propellant is stationary, this does not necessarily make a substantial 
difference to the total kinetic energy, except in certain short periods of 
the motion. 


9.12 The results of Love and Pidduck 

The theory of waves of finite amplitude in a gas was given a substantial 
advance by Riemann in 1858. A little later Hugoniot contributed to 
the general theory and applied it to Lagrange’s problem.” Hugoniot 
studied the case where all the charge is present as gas when the shot be- 
gins to move; he followed the resulting wave of rarefaction on its journey 
to the breech. His methods were extended by Gossot and Liouville ê to 
follow the wave as it travels back toward the shot. Finally, Love ® car- 
ried the analysis of the same problem as far as the third wave traveling 
toward the breech, and Pidduck evaluated the formulas in a special 
case. Their work has been of great value, and, as it closes one line of 
attack, it should be discussed in some detail. 

Their assumptions were: (1) that the propellant had completed its 
burning before the shot started; (2) adiabatic expansion of each element 
of gas; (3) initially uniform pressure, density, and temperature, and shot 
at rest; (4) a constant covolume. They assumed also that y took one 
of a discrete set of values, chosen to permit easy solution: 


On +1 
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(n an integer) 


with y = 114 in the numerical example; ™ Platrier |" has generalized 


1 Hugoniot, J. école polytech. (Paris), 68 (1889), 1. 

* Gossot and Liouville, Mém. poudres, 17 (1914), 34. 

* Love and Pidduck, Phil. Trans. Roy. Soc. (London), 222A (1921-22), 167. 

Wy = 9 and 144 give a sufficiently good idea of the behavior of the complete 
range of modern propellants. 

u Platrier, Comp. rend., 199 (1994), 770; also Mém. artillerie frang., 15 (1936), 431. 
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some of Love’s results to other values of y. In addition, Love and Pid- 
duck assumed that the chamber was a cylindrical continuation of the 
bore. 

Heat transfer to the bore might be taken into account, very roughly, 
by using an effective y in the adiabatic law. The constant covolume is 
also unobjectionable. The really important points are 1 and 2. They 
are not good approximations to real guns, but they do specify an exact 
problem to which an exact solution has been found. 

Love's formulas are in general form; that is, the solution can be found 
for any particular case by substituting numbers in the general formulas. 
However, a certain amount of interpolation and trial and error is needed, 
and we have the evidence of Pidduck that the computation is laborious. 
An alternative method is to solve the partial-differential equations 
numerically by the method of characteristics," in any desired case. The 
labor involved is not much greater than that required for the substitu- 
tion in Love’s formulas; in fact, it has been contended ™ that, if carried 
out graphically, the method of characteristics is actually quicker. This 
seems to depend on the accuracy required.“ At the very least, it must 
be agreed that Love's formulas are extremely complicated, in spite of 
the simplicity of his basic problem. Thus it is almost certain that prob- 
lems more nearly related to actual guns, with slow burning of the pro- 
pellant, will not be solved by analytical solution. 

Nevertheless, Love and Pidduck’s results make clear some of the 
phenomena to be expected in practice. Figure 9.1 shows the pressure- 
space curves at a number of successive instants, in a typical gun with 
C/W = 0.24 and a muzzle velocity near 2500 ft/sec. The rarefaction 
wave can be seen to leave the base of the shot as the latter starts; this 
wave speeds up the gas it engulfs, and, as the wave passes down to the 


u! For the mathematical theory of characteristics, see Goursat, Leçons sur lea 
équations aug dérivées partielles du seconde ordre, or Hadamard, Leçons sur la propaga- 
tion des ondes (Paris, 1903). Its use as a numerical method for the solution of hyper- 
bolic partial-differential equations can be understood without study of its deeper 
significance. A typical example is Prandtl and Busemann, Stodola Festschrift (Zurich, 
1929), p. 499. A good introduction to the subject is provided by Courant and 
Friedrichs, Supersonic Flow and Shock Waves (New York, 1948), chapters II and 
IITA. 

is de Haller, Proc. gih Intern. Congr. Applied Math. (Paris, 1946). 

4 The accuracy of a solution by characteristics falls off rapidly as the computation 
proceeds farther and farther from the region of the initial conditions. In general, 
even “graphical accuracy’’ may be unattainable far from the initial boundary if 
graphical methods have been used throughout. Where graphical accuracy is called 
for, it is usually permissible to use graphical methods only in the later parts of the 
computation. In the case of the Lagrange problem the flow rapidly settles down to a 
simple pattern, and this helpa in the smoothing out of errors. 
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breech, more and more gas 1s set into motion to follow the shot. The 
wave is reflected at the breech as another rarefaction wave, which travels 
toward the projectile, slowing down gas on the way. At the shot this 
wave is reflected again, and Love and Pidduck follow the wave through 
one more reflection at the breech and one more at the base of the pro- 
jectile. Of the earlier workers, Hugoniot had studied the first wave 
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Fig, 9,1 Pressure distribution behind the projectile at various stages of its motion, 
in the example studied by Love and Pidduck. 
Phil. Trans. Roy. Soc. A. Reproduced by permission of F, B. Pidduck and the 
Royal Society, London. 


passing back down the bore, and Gossot and Liouville had indicated how 
the wave reflected from the breech could be followed toward the shot. 
The waves appearing in this problem are all rarefaction waves, in which, 
at the head of the wave, there is a discontinuity only in the pressure 
gradient. In particular, shock waves do not occur; these (see § 9.15) 
are marked by a sudden rise in the pressure itself, and, as they increase 
the entropy of the gas, their occurrence would have vitiated the assump- 
tion that all the elements of gas expand along a common adiabatic. Al- 
though shock waves do not occur in the problem studied by Love and 
Pidduck, they have been found in guns, under conditions of inefficient 
ignition. 

It is clear from Fig. 9.1 that the rarefaction waves damp down fairly 
rapidly into an almost smooth distribution of pressure. The ratio of 
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Fic. 9.2 Time variation of main results, in the example studied by Love and Pidduck. 
Phil. Trans. Roy, Soc. A. Reproduced by permission of F. B. Pidduck and the Royal Society, London. 
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breech and shot pressure and the kinetic energy of the gas relative to 
that of the shot are shown in Fig. 9.2. As time goes on, the variations 
of these quantities decrease, and they approach very closely the values 
given in the preceding section (for zero resistance). 


9.13 Pidduck’s limiting solution 

It was noticed by Pidduck (loc. cit.) that the features of the solution 
special to the assumed initial conditions were rapidly damped out; for 
example, the rarefaction waves generated by the starting of the shot die 
away quickly. It may be supposed that other assumptions, more re- 
alistic than those of Love and Pidduck, would lead to solutions that 
would tend to become the same toward the end of shot travel. Pidduck 
therefore attempted to find a limiting solution, which would be an ap- 
proximation to the later stages of all likely solutions. His limiting solu- 
tion was derived later in a rather different way by Kent," whose method 
we shall follow here. 

Let the position of the element of gas originally at rọ be z at time t. 
All distances are measured from the breech. The position of the base 
of the shot is y(¢), and its initial position is b. Let p(zo, i be the density 
at time t of the element of gas, which was at zo initially. Let p(zo, © be 
the pressure of this element. Let y be the ratio of the specific heats at 
constant pressure and constant volume, and y the covolume of the gas. 
Then, if we neglect heat loss to the bore, 


ji Y 
p (- = n) = function of zo only 
p 


To make the problem more tractable it is necessary to assume that all 
elements follow the same adiabatic, so that 


i T 
p (- = n) =K (24) 
p 


The equation of continuity of the gas is 


ox 
p{to, t) — = p(xo, 0) (25) 
oxy 
and its equation of motion is 
dx (zo, t) dp (xo, Ù 
Xo, ) ——— = — ——— 26 
p(Zo, t) PY ay (26) 


i Kent, Physics, T (1936), 319. Pidduck, J. Applied Phys., 8 (1937), 144. Kent, 
thd., 8 (1937), 144; 9 (1938), 734. 
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The projectile of mass W is assumed to suffer no resistance to motion, so 
that 


d*y 
wv = Aply, 0) (27) 
Integrating equation 26 and using equation 27, we find 
p(0, t) | + fio ibe (xo, t) mb (ey ‘ 
a (zx ; ) 
p(y, i) Oe aP Nae 
A d°r (zo, t) =) 
=I+— , 0 —————_(|-—] dz 28 
+ = Pleo ) a2 JË 0 (28) 


From equations 24 and 25, equation 26 becomes 


d*x (zo, Ù å l gi 
p(t 9, 0) ——.— = -K — (—— = ) (29) 
at? dry p(Xp, t) 
It is convenient to introduce in place of z a new variable z, defined by 
rg 
e = z — | w(x0,0) dzo (30) 
o 
leading to 
a R ml o ( ) (31) 
— = — — np(zo, 0) = plo, : 
dz to aia jai p(xp, £) a 


Using this in equation 29, we find 


a dz \~ OT) r a?r 1 = dplxp, 0) dz 7 
ke ot (=) Se | oe 
A solution is attempted in the form 

z = f(zo)o(t) (33) 
in which, without loss of generality, 

(0) = 

If we write ¢ = 0 in equation 33, f(z) = zp. Hence we have 

z = z(t) (34) 
and 

bMs p(t) = [1 — velto leli) {35) 


arp dz 
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which, from equation 31, implies that 


37 Gear 
—n=( - — n | d(t) (36) 
p(xo, t) p(xo, 0) 
Also, from equation 35, 
d°z dp 
— = —-7— Hit 3T 
PAT ra pli) (37) 
Substituting these results in equation 32, we have 
d’ dplzo, 0) 
$1 —3 = —7K[1 — npleo, OIl 0)? —— (38) 
dë =O dzo 


The left side is independent of zo, the right of t£. Both sides are there- 
fore equal to a constant B, say. The time factor is a solution of 


¢'— = (39) 


into which we need not enquire yet. Of more interest is the density. 
Integrating equation 38 gives 


a =) 
eT ems 0 ae 


E A: 2 1 y—l1q—İ/iy—l} 
e a 


2yK p(Q, 0) 
At the shot, 
je 
žo = b — — 
y A 


For convenience we write 


saoi = acy 
Me oe Nal, (è =) (41) 


so that, with equation 36, 
l , l Zp 24 —lit(y-)) 
-1=(—— ~ Joe |1 -a (42) 
plži t) p(0, 0) b nC 


We find the initial distribution of density by writing ¢ = 0 in this 
equation, and we see that the initial density decreases from breech to 
shot base. This shows that the Pidduck-Kent solution cannot represent, 
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the conditions m a real gun throughout the motion, nor indeed does it 
represent the early stages of the Love solution. It is supposed, however, 
that all more realistic solutions will approach the Pidduck-Kent solu- 
tion as a limiting form as the shot moves down the bore. The pressure 
follows from equation 24: 


K( yes ay |1—a/— ol es 3 
,) = A — i — 4 
nÒ a A, (; Z) (43) 


— —. 


A 


and the gas temperature from the equation of state, 
l 
p(-—2)= RT 
p 


RT (zo, t) = RT(O, 0)g'~7(4) | 1 — j s z) (44) 


giving 


Finally, the position of any element is 
(Zo, t) = To + zol@(t) — 1] (45) 


and its velocity is zo d¢/dt. 

There are two parameters in these formulas: 2 and p(0, 0)—! — n. 
To fix these we have the equation of motion of the shot and the con- 
dition that the total amount of gas present is the charge mass C. From 
equations 45 and 39, 


dy | nC 
ee WE ha ] By 
di A 
while from equation 43, 


l ri amy 
Ap) = AK(—— - n) 1 — Qro- 
ply) 50,0)” ( ) $ 


Pe = l = TA = i(y—1) 
w (è =) B ak (= 0) n) (1 — p) (46) 


The second condition is 


b- C/A) (xo, 0) dz 
C= A f oeo Odos Af _P\zo, 0) dzo 
0 0 1 — np(zxo, 0) 


so that 
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1 =! — (yA) Zo 291/(¥—-) 
aii fone = n) f iia: | dzo 
p{0, 0) 0 Sie nC | 


A 
seta J EOE" 
ONE AJNO "7 Jo j 
Hence, 
. (y — 1)C (1 — p) 
1 — AD du = 48 
fa - aye ds = - (48) 
This gives 2 in terms of y and C/W. Also, 
l Aly — 1 | = pri) 
D.e a2) ass 
p(0, 0) 2Y A Wa 


For practical values of C/W, 9 can be expanded as a power series in 
C/W; from equation 48, one obtains 


) sorl (—-3)— (< - — _} )(£) 5 
n Ne a) wT a in eo w T 


FE (50) 
giving 
oo. we | aW | Nab?’ 1207/7 \W/ t 

(51) 


The ratio of the pressures at the ends of the gas is of interest. In this 
solution it follows from equation 43 that at all times 


{ge ighoy). =(1— mrad 
p (breech) 


C l l cy 
a1-3+G+E)G) 


-Ger on 
24 
The inverse result, Or A 


p (breech) Sea. C l ee $ 1 \(S)+ (53) 
p (shot) | 23W  24y\W 80y  36077/ \W 


is very close to the simple conventional approximation, 
p (breech) Cc 


p (shot) K OW 
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Other interesting features can be calculated easily. For example, the 
ratio of the kinetic energy of the gas to that of the projectile is 


2 dey? 


b 
zo pto, 0) dx 
fay o p(2q, 0) dag 
Ww {— 
dt 
i 
=P a f 2-92) de 64) 
ee 0 
For small values of C/W, this expression is 
1c 2C 4387+bD/c¥ | 
2 eee lg Oe 
3 W 15y W al5y IF. 
which differs only slightly from the result 17 of the Lagrange approxi- 
mation. 
The mean pressure in the gun at any given time depends to some 
extent on the definition of the mean. If we weight pressures according 
to the density of the gas, that is, 


A 
poen f a ‘p(x, t) dx 


p(t) Iy + 1) 


——————— 


pesh ID 


We find 


when we define 


1 
In) = f (1 — a2)" dy 
LH] 


Expanding the integrals as a power series in C/W gives 
p(t) i C 3077 + 13y — (ays 
p (breech) 6W 36047 W 
It remains to solve equation 39 for (t). Since the shot velocity is 
[b — (nC /A)] d¢/dt and the shot position is [b — (mC/A)lp, we see that 
we need find only the relation between d¢/dt and ¢. This is a velocity- 


distance relation. The connection between ¢ and t, that is, the time to 
reach any given distance, is of little interest in ballistics. Integrating 


equation 39 yields 
dt/ y— 1 (57) 

which is the equation of energy of the system, as may be verified from 

equation 54 and an integration of ET over all the elements of gas. 


(56) 


Experimental Results and Future Theoretical Research 357 


9.14 Experimental results and future theoretical research 

It may be seen that the theory of Lagrange’s problem has given the 
following solutions: (1) Love's analysis for the case where the propellant 
burns very rapidly; (2) the alternative numerical treatment of par- 
ticular cases by the method of characteristics, assuming that the un- 
burnt propellant moves with the gas; (3) the Lagrange approximation 
from the assumption of constant. density; (4) Pidduck’s special solution. 
The last is not physically exact, for it implies an initial nonuniform dis- 
tribution of density before the shot moves, but it is hoped that the real 
solution approaches this special solution toward the end of shot travel. 
As far as terms of the order of C/W, Pidduck’s solution is equivalent to 
the Lagrange approximation. A further solution that is equivalent to 
this order is Pfriem’s analysis * by splitting off space-mean values of the 
quantities appearing in the equations. 

Love's analysis is not expected to be a good representation of a real 
gun near shot start, since its physical assumptions are here wide of the 
mark. It can be foreseen that it will be better in the later stages, in 
which, however, Pidduck’s solution is a close approximation. Thus, we 
can say that all the theoretical work done until now leads one to expect 
that, to terms of the order of C/W, 


p (breech) i C 


p (shot) ow (98) 


Experiments on the distribution of pressure behind the shot have be- 
come feasible only in the most recent times, and the techniques used are 
still undergoing development. Such experiments have been carried out 
in the United States (published only in the classified literature) on a 
3-in. gun of medium velocity, by Rossmann " in Germany, and by 
Goode and Lockett (unpublished) in England. Their methods were 
rather different, and the values of C/W cover fairly well the range up to 
0.44. A detailed comparison of their results is made difficult by the dif- 
ferent propellant shapes used. It is quite clear, nevertheless, that equa- 
tion 58 is not correct, even for these small values of C/W. The ratio of 
breech to shot pressure is in no case constant during the firing. The 
ratio is in fact less than 1 + C/2W at first, and greater than 1 + C/2W 
toward the end of shot travel. The time at which equation 58 is correct 
appears to come a little after peak pressure. The contribution of the 
frictional pressure drop (§ 9.1) is greatest at shot ejection and accounts 
for only part of the discrepancy. 


" Pfriem, Z. ges. Schiess- u. Sprengstoffw,, 38 (1943), 1, 21, 165. 
" Rossmann, Jahrb. deut. Akad, LFF, 1940/41. 
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Here, then, there is encouragement for further theoretical work. It 
is obvious that one important factor omitted from previous work is the 
gradual burning of the propellant. Considering the possible lines of at- 
tack, it is likely that Love's analysis represents the highest point that 
will be reached in the way of an analytical solution unless there is some 
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Fia. 9.3 The pressure in the propellant gas as a function of time and position, in 


an example computed by de Haller using the method of characteristics. 
Bull. tech. Suisse Romande. Reproduced by permission of Dr. P. de Haller. 


revolutionary advance in methods. Love's solution is laboriously at- 
tained, and computation from it is not easy; neither does the solution 
carry that sudden illumination for which we look to analytical solu- 
tions. In fact, not until some typical examples have been worked out is 
it easy to see just what the analysis implies. Now it is highly unlikely 
that analytical solutions can be obtained when the propellant burns 
slowly, and, even if they could be found, it would still be necessary to 
evaluate them numerically in selected cases, a proceeding that appears 
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clearly, from Love and Pidduck’s paper, to be very laborious. It is far 
more promising to solve a few typical problems by a completely nu- 
merical process, using the method of characteristics. This is more cer- 
tain and probably much less work in the end than analytical research. 
Work on these lines has been done by de Haller,“ who neglected the 
variation of entropy with position at a given time, and later, without 
this approximation, by Carrière.!® We expect that such work will close 
the substantial gap between theory and experiment. 

Figure 9.3 shows the pressure as a function of position and time in an 
example solved by de Haller. In this case the rate of burning was as- 
sumed independent of pressure, but results of qualitatively the same 
nature have been computed by Carriére on more realistic assumptions. 


9.15 The shock-wave equations 

Needed for the next section and § 9.4 are the main formulas for shock 
waves. An arbitrary disturbance traveling through a compressible me- 
dium changes its form as it proceeds; the velocity with which the high- 
pressure regions are propagated is greater than that of adjacent regions 
of lower pressure, for the pressure raises the temperature and so the 
velocity of sound, and in the high-pressure regions the medium itself 
has a forward velocity. Hence, if not eaten away by a pursuing rar- 
efaction, the regions of higher pressure become steeper and eventually 
form into sudden jumps of pressure. Strictly speaking, the rise of pres- 
sure occurs in a thin but finite zone, in which viscosity and thermal 
conduction effects are enhanced by the rapidity of the changes; these 
irreversible changes convert mechanical energy into heat. A shock wave, 
then, which is a single, almost discontinuous jump of pressure, leaves 
behind it gas at higher temperature, indeed hotter than by adiabatic 
compression to the same pressure. The loss of mechanical energy is 
seen as a decay of the pressure jump, unless some agency such as a 
piston or a shot serves to maintain the shock. In such a case the net 
result is that work is done by the piston against resistance, and the gas 
which is crossed by the shock is heated. 

For further details of the properties of shock waves we refer to stand- 
ard texts.” Here we shall simply assume the pressure to rise in a dis- 
continuous jump at a certain plane, the shock front. This is a very good 
approximation in the applications we shall make. We deal only with 
shocks in which the medium flows normal to the shock front. 


“de Haller, Bull. lech. de la Suisse Romande (January 1948). 

4 Carrière, Proc. 7th Intern, Congr. Applied Mech. (London, 1948). 

* Taylor and Maccoll, in Aerodynamic Theory, vol. III (ed. Durand, Berlin, 1934). 
Courant and Friedrichs, Sypersonic Flow and Shock Waves (New York, 1948). 
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Let the velocity of the medium be w, its density p, and pressure p. 
Let suffix 1 denote conditions in front of the plane shock wave and suffix 
2 the conditions just behind. Let D be the velocity of the shock. The 
conservation of mass, applied to unit cross sections parallel to the shock 
front, gives 


p\(D — uy) = lD — ug) (59) 
and the conservation of momentum requires 
p,(D — ui) (ugs — u) = pa — m (60) 


Let E, and E> be the intrinsic energies of the medium just before and 
just after the shock. The conservation of energy gives 


o(D — u,)(By — By + Tug? = fu?) = Pale — Pils (61) 
These three equations may be put into various forms, for example: 
a “i 
D = u + P Mm (62) 
Pi 
a(1-=) 
pz 
1 1\]* 
ug = uy + | (pe — pi) (— — — (63) 
Pi P2 
l 1 1 
E; — E, = = (pı + pe) |— — (64) 
2 Pi P 


If the initial state is given, there are three equations to determine the 
final state (P2, po, to, Hz) and the velocity D of the shock wave. There 
is also a known relation between Es, pa, and po. Thus there is one de- 
gree of freedom in the system. If D is specified, then all the other prop- 
erties of the medium behind the shock can be computed. Similarly if 
the shock pressure pa is given, one can find the rest of the solution, in- 
cluding the speed at which the shock is traveling. 

Equation 64 is the ““Rankine-Hugoniot relation.” If pı and pı are 
given, the states satisfying equation 64 lie on the “Hugoniot curve” in a 
pressure-density plot. If one may take a mean y over the range of tem- 
peratures T, to Ta, and if the medium is a perfect gas, 


E, — E, = —————_- (65) 
y= 1 


and equation 64 can be put into the form, 


p (y+ l)p + (y — l)p 
ee SE Aa T k ONRI (66) 
pP G + l)o + (v — lim 
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We may check the arithmetic, to some extent, by going to an infinitely 
weak shock. If we write p — pı = dp, and so on, equation 66 gives 


dp dp 

p p 
which is the adiabatic relation that one would expect in this limit. The 
Hugoniot curve and the adiabatic through (pı, p1) are therefore tan- 
gential at that point. It is also easy to show, from equations 64 and 65 


that the temperature rise Ta — T, is always greater for a shock than for 
an adiabatic compression to the same pressure. 


9.16 The maximum possible muzzle velocity 


This is a matter of considerable interest. That there must be some 
limit is clear from the fact that the energy of the propellant has to 
supply among other things the kinetic energy of its own gases, which 
must therefore have some limiting velocity. 

One way to approach the matter is to make the shot weight tend to 
zero in some theory of Lagrange’s problem. Suppose we do this in 
Pidduck’s limiting solution. From equation 57, for a gun of infinite 
length (@ — œ), the maximum velocity Vm is given by 


C 2 
2B (> - 7) 
A 


Vn? = 


which, by equation 41, is 
4yQK 1 Ea 
h ons 1 ( F n) 
(y — 1)° \e(0, 0) 
4yQRT (0, 0) 
(y — 1) 


From equation 48,2 = 1 for W/C = 0. Also RT(0, 0) is RTo, the usual 
force constant of the propellant. Hence, 


Vm = (YRTo)* (67) 


y— l 
For the typical values y = 1.25, (RT) = 3300 ft/sec, this limit is 
29,500 ft/sec. A result of the same class arises from the less sophisticated 
Lagrange approximation. The kinetic energy of the gas is CV?/6, while 
the chemical energy of the propellant is CRTo/(y — 1), with a suitable 
mean y. Hence, 
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% 
ae (=>) (68) 
y— 1l 


which for y = 1.25 is only 55 per cent of equation 67. 

A different line was followed by Langweiler! who thought that the 
limit would be that attained by the propellant gas expanding to zero 
pressure in a nozzle. This velocity is obtained from the classical one- 
dimensional theory of nozzles (§ 7.2), and its basis is simply that the 
kinetic energy is CV,,?/2; thus, 


2RTa\ ^ 
Vin = ( ) (69) 
y— 1 


that is, 58 per cent of equation 68. 

Langweiler fired a rifle with smaller and smaller projectiles, using a 
constant weight of fast-burning propellant; C/W ranged from 0.8 to 44. 
Extrapolating to zero shot weight, Langweiler estimated that the limit- 
ing velocity for his propellant was 9150 ft/sec, agreeing with his theo- 
retical result within 1 per cent. 

This agreement, however, does not mean that equation 69 can be ac- 
cepted without modification. As Langweiler mentioned, the expansion 
is not down to zero pressure or even to 1 atm (which itself lowers the limit 
substantially) but to the pressure behind a shock wave of velocity Vm 
traveling into air at 1 atm; at Vm = 9000 ft/sec this pressure is about 
100 atm. Another criticism is that it is not clear why all the propellant 
gas need attain the limiting velocity; the fact that in Pidduck’s solution 
only part does so is the reason why the limit from equation 67 is more 
than three times the Langweiler limit. 

All these theories neglect the air in front of the shot. The effects 
produced are discussed in § 9.4. We can give here a result for the ve- 
locity limit, due to Pfriem,” without presuming too much knowledge of 
what is to follow in the more complete discussion later. Pfriem con- 
siders that the limiting velocity will be attained when the propellant 
burns with infinite speed. This fills the chamber instantaneously. A 
shock wave is then generated at the interface between the gas in the 
chamber and the air in the barrel. This shock passes through the air 
toward the muzzle, while at the same time a rarefaction travels back 
from the interface towards the breech. It is assumed that the chamber 
is so long that the reflection of this wave at the breech does not over- 


2 Langweiler, Z. tech. Physik., 19 (1938), 416. 

2 Pfriem, Z. tech. Physik, 22 (1941), no. 10. The equations had been given earlier 
by Schardin, Physik. Z., 33 (1932), 60, for the case when the high-pressure medium is 
compressed air. 
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take the shock wave in the time interval of interest. The maximum pos- 
sible projectile velocity is then the particle velocity behind the com- 
pression shock. 

Let y be the ratio of the specific heats for the propellant gases, yı 
the ratio for air at the relevant temperatures. Referring to Fig. 9.4, 
let Po and P, be the initial pressures of gas and air, and let P be the 
pressure behind the shock wave. Similarly let pọ and pı be the initial 
densities of the gas and the air in the barrel and p the density behind the 
shock front. Heat loss to the walls being neglected, conditions are the 


Head of rarefaction in gas 


Shock in air 


Gas in forward 
motion 


Air in forward - 
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Fie. 9.4 Pressure distribution along the gas column, in the case considered by 
Schardin and by Pfriem. 


same from the shock wave right back through the air to the air-gas in- 
terface. 

The shock wave in the air accelerates the air over which it has passed, 
to a velocity V. Likewise the rarefaction traveling back to the breech 
sets into motion more and more of the gas, giving it a velocity (toward 
the muzzle) varying with the position; at the gas-air interface the gas 
velocity must be V. 

From the adiabatic law applied to the transition suffered by an ele- 


ment at this interface, 
P pY 
ee Eei (70) 
Po Po 


It will be shown in § 9.42, from Riemann’s theory, that, in a rarefaction 
traveling backwards into gas at rest, 


P 2(yRT)% |: : ‘me tri 


: a Po 
giving 
P — 1) yap 
P [ TA rae. | (72) 


2(YRTo) í 
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Turning to the shock wave in the air, from equation 63 of the prereding 


section, one has 1 4 
y’ = e-r (+-5) 


P P 
and, from equation 66, 


Pm (a -DP + m + YP 
p (my +1)P aai (yı + IP 


P 2 
mn (2-1) 
2 Py 
V hae rare (73) 
1} — — 1 
(yı + p tn 


so that 


where R; is the gas constant per gram for the air in the barrel. 

The two unknowns V and P are obtained from equations 72 and 73 
by successive approximations. The highest material velocity in the sys- 
tem is V; this, then, is the maximum possible projectile velocity attain- 
able from the given values of Py and P. 

As a special case, consider P, = 0, that is, an evacuated barrel. The 
maximum velocity is 2 
Vm = —— (YRTo)* (74) 

y— 1 
which is identical with equation 67, obtained from Pidduck’s limiting 
solution. The present derivation is more satisfying, since it is shown to 
arise exactly from a physically possible initial state. 

Langweiler’s experimental limit can also be verified from these equa- 
tions. With y = 1.25, yı = 1.4, Po = 80 tons/sq in., Pı = 1 atm, T; = 
288°K, and Langweiler’s assumed RTo of 1000 m/sec, the maximum 
theoretical velocity is 10,400 ft/sec. In view of the experimental diffi- 
culties and the neglect of heat loss and frictional drag in the theory, this 
is as good agreement as could be expected, and the deviation is in the 
plausible direction. The pressure behind the shock wave is 147 atm, and 
the temperature is over 7000°K. At such temperatures +, for air is well 
down from its low-temperature value of 1.4, and this reduces the tem- 
perature considerably. Nevertheless the temperature is strikingly high, 
particularly when compared with the 1200°K obtained by an adiabatic 
compression from 1 to 147 atm. 


9.2 The interior ballistics of a gun after shot ejection 

The problem of the motion of the gas in a gun after the shot has left 
is rather similar to Lagrange’s ballistic problem, and is connected with 
the latter by the fact that the final state in Lagrange’s problem, with 
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the shot just at the muzzle, is the initial state in the present work. The 
emptying of a gun was apparently first discussed by Hugoniot,” in a 
form that has been repeated in many other applications to the emptying 
of a reservoir of gas. In regard to their use in interior ballistics, Hu- 
goniot’s results show how the breech pressure dies away after shot ejec- 
tion and, hence, by integration, how the gas increases the momentum of 
the recoiling parts after the shot has left the gun. However, for a long 
time these results were not applied in the design of recoil systems, which 
was carried out with the help of empirical factors drawn from accumu- 
lated experience. The proposal to use muzzle brakes made it necessary 
to pay more attention to the theoretical details of the flow from the gun, 
partly because of the larger number of empirical factors needed to cover 
the more complicated behavior, and also because of the lack of em- 
pirical knowledge of such systems. With this aim, Rateau * improved 
Hugoniot’s work by (1) including the effect of the covolume, and (2) 
correcting for the initial distribution of gas velocity along the barrel at 
the moment of shot ejection. Rateau’s theory will be sketched later. 

- During World War II the use of muzzle brakes became almost uni- 
versal on certain classes of guns, and theoretical calculations were made 
on certain aspects of their behavior. The solution given in the following 
sections 7° arose from a desire to check the Rateau-Hugoniot formulas in 
a typical application. It was found that Rateau’s formulas are suffi- 
ciently accurate for the design of recoil systems assisted by muzzle brakes. 

Our results do not cover the example of a low muzzle velocity, where 
the hydrodynamic behavior is relatively more complicated. This is, 
however, a region where the forces acting after ejection are small com- 
pared with the total momenta concerned, so that our results do cover 
the range of practical interest. We have also neglected terms of relative 
size (C/W)?, which is about 0.2 for a typical antitank gun. Our results 
are therefore not necessarily true for hypervelocity guns with C/W of 
the order of unity. It should be noted that the initial state of our 
problem is itself not known to terms of this order, except in the artificial 
case where the propellant burns very rapidly. 


9.21 The initial state of the gas in the barrel 


We shall assume that the internal volume of the gun has the form of a 
circular cylinder of cross-sectional area A and volume U. In applica- 
tions to real guns U will be the total capacity of the gun and A the bore 


z Hugoniot, Comp. rend., 103 (1886), 1002. 

* Rateau, Comp. rend., 168 (1919), 330, 435, 581; Mém. artillerie franç., 11 (1932), 
5. 

%* Published in Proc. Roy. Soc. (London), 188A (1947), 255. 
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area. The length of the real gun will then be somewhat less than U/A, 
because of the larger cross section of the chamber, but the error in our 
results will be small for all normal guns. 

Let the charge mass be C, shot mass W, and muzzle velocity Vo. Let 
x denote distance from the breech, t the time from the instant of shot 
ejection. At this point and time, the pressure is p, velocity of the gas », 
temperature T, and density p. It is convenient to introduce nondimen- 
sional units of distance and time, defined by 


rÅ Vot 
‘= 


= 3 U 


(75) 


We shall assume that the charge is completely burnt before the shot 
reaches the muzzle. Att = 0 the base of the projectile is at the muzzle 
section, and the velocity and pressure distribution along the barrel is 
the end state of Lagrange’s problem. It has been shown in § 9.14 that 
the theory of this is not in its final form. We may suppose, however, 
that we shall not be far wrong in using the Pidduck solution for the in- 
stant of shot ejection and keeping only terms of the order of C/W. For 
C/W = 14, corresponding to muzzle velocities of the order of 3000 ft/sec, 
the (C/W)? term, in the ratio of breech pressure to pressure at shot, is 3 
per cent of the C/W term; therefore, we shall neglect terms of order 
(C/W)* throughout our calculations. It is, of course, true that the 
(C/W)? terms, certainly small in the initial state, may increase relatively 
to the other terms as time goes on; this seems unlikely, since the terms 
of the order of C/W do not increase much, and they later die down. In 
any case, the physical correctness of the C/W term in the initial state is 
itself not completely above suspicion. 

We shall not neglect the covolume, which would indeed not be very 
plausible in the practical example we shall discuss later, for which the 
breech pressure at shot ejection is almost 10 ton/sq in. Let the co- 
volume be denoted by 7. It is useful to introduce the ratio, 


(76) 
€ nn 

which is the definition 17 of chapter 7, specialized to our particular case. 

e is a measure of the effects produced by the covolume. There are prac- 

tical limits on the muzzle pressure, and e is therefore rarely more than 

0.2. We shall expand certain terms as power series in e, neglecting terms 

of the order of e. The error will be of the same importance as the neglect 
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of terms in (C/W)*. The terms of the order of e continually decrease, 
as would be expected. 

Let T. be the gas temperature at the instant of shot ejection, averaged 
over the whole of the gas. Let R be, as usual, the gas constant per gram 
of the propellant gas; to the accuracy of our calculations R can be taken 
to be constant. Further, let y be the ratio of specific heats for the gases. 
A mean value must be taken, appropriate to the temperature range be- 
ing considered. 

To the accuracy of this work the covolume is independent of tem- 
perature (see chapter 3). It follows then, from the equation of state of 
the propellant gases, namely, 


1 
p(--2)= Rr 77) 
p 
_ that the equation of the adiabatics is 
1 Y 
p (- — n) = constant (78) 
p 


In § 9.13 it was assumed that p[(1/p) — n]” is independent of position 
along the barrel, though it is, of course, a function of time. The results 
for the instant of shot ejection are, to terms of the order of C/W, 


penh [1+ a - 38) 79 
pee SW 3 (79) 
r 
iyali] 
: iat Vi 6yW g ) (80) 
= H= _ 3| 
r= rei + 2A (1 — 3°) (81) 
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and, for the velocity distribution, 
v= Vot (83) 


These follow immediately from equations 42, 43, and 44 with 50. 
These equations give the pressure, density, and velocity distributions 
in terms of the muzzle velocity, gun dimensions, covolume, and RT.. 
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The last can be calculated from the energy of reaction of the propel- 
lant, the energy of the shell as it leaves the muzzle, and the heat and 
friction losses to the barrel; that is to say, in terms of muzzle velocity, 
known properties of the propellant, and certain properties, rather more 
doubtful, of the gun. However, these results and those that follow can 
be applied without needing a solution of the ordinary equations of in- 
terior ballistics for the gun under consideration. 

The pressure drop down the gun due to gas friction is neglected in 
these formulas. 


9.22 Earlier work 

The problem of the emptying of a reservoir of perfect gas by expansion 
through a nozzle was first treated by Hugoniot,”* by assuming that the 
state of flow at any instant was the same as would be set up eventually 
in steady flow with the reservoir pressure existing at that instant. This 
hypothesis of quasisteady flow is plausible, provided the reservoir pres- 
sure is not falling too rapidly. Rateau” used the same assumption 
about quasisteady flow and introduced the covolume into the calcula- 
tions. He assumed that the gun barrel acted as a convergent nozzle with 
throat area equal to that of the bore, so that the gas velocity at the 
muzzle was equal to the local velocity of sound. He pointed out that the 
gun was an unusual type of reservoir, with its cross section no bigger 
than the throat area of the nozzle; also the initial state, at the instant 
that flow through the nozzle began, was a nonuniform distribution of 
pressure and velocity down the reservoir. He suggested that this initial 
state could be taken into account in the following way. The gas can be 
imagined to start from rest at an effective pressure P; and temperature 
T; such that by adiabatic expansion the gas would arrive at the true 
pressure Pe, the right temperature Te, and the correct total kinetic en- 
ergy for the instant when the shot passes the muzzle. This statement is 
not unambiguous, with regard to such questions as whether to take 
breech or mean pressures, for example. This theory will be compared 
with experiment in § 9.25. The correction by using such an effective 
pressure is by no means sufficient to give agreement with experiment, 
and, as the formulas are much simpler when the correction is omitted, we 
state only such results here: for the mean density at time £, 


1 U t\2/y—-D 
~+ 1.077 = (= + 1.07) (1 + -) (84) 
p C 8 


2 Hugoniot, Comp. rend., 103 (1886), 1002. 
27 Rateau, Comp. rend., 168 (1919), 330, 435, 581; Mém. artillerie franç., 11 (1932), 
5. 
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where 
2U C 1 1 (y+Di(y—1) C % 
= (1 +0187) (= ) —_—__—_ 
(y = 1)A U 2 ( e) 
Upe 1 OE eS 
U 
(85) 


and, hence, the breech pressure follows as 


# =p (= = n) (- = ") (86) 


Using the expression 79 with ¢ = 0 to give pe, we may write equation 85 
as 


“al +0135) 
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This sometimes appears in the literature with the C/W terms omitted 
or given other values, arising from different interpretations of the “‘pres- 
sure,” which occurs in the equation for the nozzle flow. We have as- 
sumed that the flow is the same as that from a reservoir pressure equal 
to the breech pressure. 

Omitting the covolume terms, we arrive at what are effectively Hu- 
goniot’s results: 


(87) 
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It is often important to know the momentum imparted to the gun after 
the projectile has left. If we integrate the Hugoniot formula, the mo- 


mentum is 
y+ | a =)" C ) 
G 1 + —— 90 
( 2 Yy į 12W (a 


which for the typical value y = 1.25 is 


1.35C (RT) ” (1 + a) (91) 
j 12W 


Original from 


Digitized by Go gle UNIVERSITY OF MICHIGAN 


370 The Hydrodynamic Problems of Interior Ballistics 


9.23 Discussion of the problem 


We assume that each element of gas expands adiabatically, so that 
p[(1/p) — nl” is independent of time and depends only on the element con- 
sidered. Now, on the assumptions of § 9.21 this quantity is the same for 
all elements at the moment of shot ejection, and hence 


a 


for all values of x and t. 

The assumption of adiabatic expansion after the instant of shot ejec- 
tion involves two factors: (1) we neglect heat loss to the barrel after 
shot ejection; (2) we assume that no shock waves occur in the gas inside 
the gun. Of these the second is certainly justifiable. As the projectile 
passes out of the gun a rarefaction wave enters the barrel and moves 
toward the breech; this wave cannot give rise to a discontinuity of 
pressure. It may happen, in certain peculiar guns, that shock waves 
are present in the propellant gas even before the shot leaves, in which 
case our assumption would break down; in such a case it would also be 
untrue that the elements of gas lie on a common adiabatic before shot 
ejection, and the whole treatment would collapse. 

The heat loss to the barrel is not easily included in the calculations. 
Its effect can be expected to be less than its effect on the Lagrange 
problem, in which heat loss has been neglected up to the present day. 
It will be shown in § 9.25 that, as a matter of fact, the neglect of heat 
loss helps to compensate certain other approximations in our treatment. 

Since all elements of the gas follow a common adiabatic throughout 
the solution, it is convenient to use the Eulerian equations of hydro- 
dynamics. The equation of continuity is 


Op ð 
m H re (pv) = 0 (93) 
and the equation of motion is 
ðv Ov 1 dp 
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ot Ox p Ox l 
The velocity of sound at time ¢ and position z is 
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The influence of the conditions outside the muzzle section is trans- 
mitted through the gas toward the breech with velocity c — v relative 
to the barrel. This is assured by the fact that it is a rarefaction wave 
that is passing through the gas, not a wave of compression, which might 
develop into a shock. Let Z be the value of ¢ (= 2A/U) at the point 
reached by the front of the wave at time t; that is, for § < Z, the be- 
havior of the gas is settled entirely by the state of the gas inside the gun 
at the instant of shot ejection, whereas for § > Z it is necessary to take 
into account conditions outside the muzzle. The motion of the wave 
front satisfies the equation, 


—~—=v-c (96) 


the right-hand side being evaluated at &§ = Z. 

It will be clear that the motion of the gas is simplest in the region ¢ < 
Z. Weshall first obtain a solution for this zone, and use this to integrate 
equation 94, thereby showing how far the rarefaction wave from the 
muzzle has progressed at any time. In § 9.26 we shall discuss the nature 
of the flow in the region ¢ > Z. The solution in the region of ¢ less than 
Z is obviously not applicable at the muzzle except for guns of velocity 
greater than 3500 ft/sec, and then only for a short time; hence the solu- 
tion for this region is not of much use by itself for the calculation of 
rates of outflow. For these the wave of rarefaction is an essential 
feature. However, this wave often takes a relatively long time to reach 
the breech; for example, the breech pressure of the gun studied later 
falls to one third of its initial value before the rarefaction wave hits the 
breech. Thus questions of recoil can often be settled by using the sim- 
pler solution up to this time and some rough approximation for the 
pressure at later times: The extent to which this is possible in a typical 
antitank gun may be seen from a later example. 


9.24 Solution before the arrival of the wave from the 
muzzle 
We assume that the gas velocity is a linear function of the distance 
along the gun and that the pressure is a quadratic function. These 
forms are suggested by the initial distributions. To attempt a solution 
on these lines we write 
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where the functions f(r) --- g(r) are to be chosen to satisfy equations 
92, 93, and 94 for all 7, and the initial conditions 79 to 83 at r = 0. It 
is possible to satisfy all these equations with errors of the order of e°, 
«C/W, and (C/W)*. The process is simple, though the details are a 
little laborious, and the solution is 
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The terms in C/W and e stay small at all times, and so the neglect of 
_ higher powers is almost certainly correct at all times. 
The velocity of sound is 
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Here the terms in e? and (C/W)? have been neglected as usual, and also 
a term proportional to C/W and depending on é and 7, whose sum is at 
most C/30W. 

Substituting from equations 100 and 97 into equation 96, we find that 
the boundary of the rarefaction wave satisfies the equation, 


wm  £ Q- KT. a =] 

de -| we- pya Ct? a 
(yRT.)”* | | ek 

Vol + 7)0970:2 TEA A i En 

sa 1 1 ee J 

aidi ge ee E E 

WV 2la2—-ydtn™ 2 U2- y+) 


of which the general solution is 
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(102) 
The new constant ro is the value of r when Z = 1, that is, when the 


boundary of the rarefaction starts from the muzzle. There are two 
cases to be considered. 


Case I. Shot velocity less than local velocity of sound 

The relevant velocity of sound is the velocity just behind the shot as 
it leaves the muzzle. Case I is much the more common, and the con- 
dition for it to occur is, from equation 100, 


n 


U 
C n 
In this instance the rarefaction moves in from the muzzle immediately 
after shot ejection, and, therefore, rọ = 0. This simplifies equation 102 
sufficiently to justify repeating the solution for this particular case: 


Vo < (yRT.)* |1 +. (103) 
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Case II. Muzzle velocity greater than the local velocity of sound 


That is, 

Kj 
U 
C yi 
This occurs for guns of very high muzzle velocity, of the order of 3500 
ft/sec or more. Just after shot ejection the gas velocity at the muzzle is 
greater than the local velocity of sound, and so the conditions inside the 
gun are completely independent of what is happening outside. The gas 
velocity at the muzzle soon falls to the local velocity of sound, and at 
this time the rarefaction wave starts from the muzzle toward the breech. 
The value of 7o is given by the condition that V = c for = 1 andr = 
To and can be found numerically from equations 97 and 100 in any par- 
ticular case. An explicit formula for 79 can be given, but it is not il- 
luminating. Having found ro numerically, we can substitute it in equa- 
tion 102 to give the relation between Z and r. 

Our solution for case II is valid only if the initial conditions 79 to 83 
are true. It seems possible that, when the velocity of the projectile ex- 
ceeds the velocity of sound in the gas behind it, the initial distribution 
of gas in the barrel may well be considerably different from that as- 
sumed here. 


Vo > (YRT.)* | 1 + (105) 


9.25 Comparison with an experimental breech pressure 
record 

In applications, most of the parameters can be found without diffi- 
culty. RT. can be calculated from Résal’s equation, the energy equa- 
tion of interior ballistics, using the kinetic energy of shot and gases, the 
thermochemical properties of the propellant, and estimates of the heat 
loss to the barrel and of the work done against friction. In our example 
we know the experimental breech pressure at shot ejection, from which 
we find RT’, immediately. 

We consider an example for which C/W = 0.474, «e = 0.197, Vo = 
3130 ft/sec, and y = 1.275. The breech pressure as the shot leaves is 
about 914 tons/sq in. By equations 95 and 80 the velocity of sound 
just behind the shot as it leaves the muzzle is about 3640 ft/sec; hence 
this is an example of case I, and the rarefaction wave starts from the 
muzzle at 77 = 0. From equation 104 we can calculate Z, the position 
of the rarefaction boundary, at any time. The result is shown in Fig. 
9.5. The boundary starts from the muzzle at a fairly low speed, of the 
order of 500 ft/sec and accelerates as it approaches the breech, chiefly 
owing to the lower velocity of the gas in this region. The wave reaches 
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Time since shot ejection, msec 
Fic. 9.5 Motion of the rarefaction 
boundary. 
Reproduced by permission of the Royal 
Society, London. 


the breech after 7 msec, which is 
roughly equal to the time taken for 
the projectile to travel through the 
gun. 

Figure 9.6 shows the breech 
pressure for times after shot ejec- 
tion. The results of the present 
theory are in good agreement with 
the experimental results. The error 
in the pressure at any time is best 
stated as a fraction of the pres- 
sure drop from ejection up to that 
time. In this case the error is 
everywhere less than 5 per cent. 


It is interesting that the theoretical curve lies below the experimental 


results. The error is due to: 


1. Neglect of terms of order e and (C/W)?. 


14 


12 


Breech pressure, tons/sq in. 


Time from shot ejection, msec 


Fic. 9.6 Breech pressure after shot ejection. 
Reproduced by permission of the Royal Society, London. 


376 The Hydrodynamic Problems of Interior Ballistics 


2. The assumption that the cross section is constant along the gun. 
3. The neglect of heat loss to the barrel after the shot has left. 


It seems obvious that 3 must cause our theoretical pressures to be higher 
than the true ones; therefore 1 and 2 together must be responsible for 
lowering the theoretical pressure. The agreement within 5 per cent must 
therefore arise by partial compensation of opposing errors but is never- 
theless very satisfactory. 

This theory has been tested on guns with muzzle velocities from 2000 
to 4400 ft/sec and initial pressures from 3 to 10 tons/sq in. and has been 
found to give pressures correct to a few per cent. As it happens, in 
nearly all these examples the pressure at which the rarefaction wave 
hits the breech is close to 1 ton/sq in. 

The results of other theories are also shown on Fig. 9.6. The curve 
marked “Rateau” was calculated with his correction for the initial 
motion of the gas. The “modified Rateau” curve (equations 84 to 87) 
without this correction is seen to be in much better agreement with ex- 
periment. Hugoniot’s formulas 88 and 89 are calculated by omitting all 
covolume terms and using the same RT. as before, which accounts for 
the pressure lying considerably below the experimental values at the 
start. This is partly offset by the theoretical pressure being too big later. 
A more consistent treatment, with RT. chosen to make the Hugoniot: 
pressure correct at ¢ = 0, would give poor agreement. 

The formulas for the breech pressure given in this chapter hold until 
the rarefaction reaches the breech. An exact treatment for later times 
would be difficult, and fortunately it is usually unnecessary. It is suffi- 
cient to complete the postejection period by one of the simpler theories. 
This has been done in Fig. 9.6 by using Hugoniot’s formulas, with time 
measured from the instant at which the rarefaction wave reaches the 
breech. It can be seen that in this case there is no appreciable kink in 
the pressure-time curve at this point. There does not appear to be any 
discontinuity of slope in this particular experimental record either. 
Such a kink can often be detected on pressure-time curves for high- 
velocity guns. 

In many applications the important quantity to be derived from 
breech pressures after ejection is the total momentum caused by the gas 
pressure on the breech. The curves in Fig. 9.6, labeled “modified 
Rateau” and “Hugoniot,”’ differ considerably in shape, while their total 
momenta in the postejection period are only 1 per cent apart. For cer- 
tain purposes they are effectively identical. . 

We shall therefore list some momenta to show the differences among 
various theories. The momentum acquired up to shot ejection = 
(W + %C)Vo = 2046 lb wt X sec. 
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TABLE 9.1 SUMMARY OF MOMENTA FROM BREECH PRESSURE 
Momenta in lb wt X sec 


Present Modified 
Experiment Theory Rateau Rateau Hugoniot 
First 8.8 msec after ejection 629 596 862 686 653 
Error, per cent ; —5 +37 +11 +4 
After first 8.8 msec 261 335 281 322 
Total 2902 3242 3011 3020 


In this gun the postejection period contributes about 32 per cent of 
the total momentum. It is clear that the ‘modified Rateau”’ results 
are practically as accurate as those of the present work, and omission of 
the covolume (which leads to the Hugoniot formulas) alters the results 
by a negligible amount. The latter formulas are much the simplest. It 
must be remembered, however, that the Hugoniot formulas are favored 
by the choice of RT. in this comparison. 

Details of the velocity and pressure distributions along the gun are 
given at the end of the next section, after an approximate treatment of 
the rarefaction zone. 


9.26 The rarefaction zone 


We consider first case I (shot velocity less than local velocity of sound), 
in which the rarefaction starts back from the muzzle as soon as the shot 
leaves. We can calculate Z, the position reached by the rarefaction 
boundary, by equation 104; substitution in equations 97 and 99 gives 
the density and gas velocity at this boundary. We denote these by 
pi(r) and v;(r). Let p2(7) and ve(r) be the corresponding quantities at 
the muzzle; these are as yet unknown. 

While Z > 0, it is possible to carry through the following approximate 
treatment of the motion inside the rarefaction zone. We assume a par- 
ticular form for the way the density varies along the zone at any time, 
in terms of its values at the ends: p,(7) at the boundary ¢ = Z, and 
p2(7) at the muzzle. The latter is a function not yet determined. We 
then take the equation of continuity, 


oP a. iy = (106) 
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and integrate with respect to x, from the rarefaction boundary to the 
muzzle. If we return to the variables r = VpAt/U and £ = 7A/U, the 
result is 
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This gives vo(r). Also from p2(7) we know c2(7), the velocity of sound 
at the muzzle. When 7 = 0, c2 is greater than vo, for this is the defini- 
tion of case I, which we are considering. In steady flow through a noz- 
zle, c = v at the throat, provided the pressure at entry is more than 
about twice the pressure in the region into which the nozzle is dis- 
charging. It is evident that v must rapidly approach co; this condition 
decides the form of p2(r) and so the values of density and velocity 
throughout the rarefaction zone. For the prediction of muzzle-brake 
thrusts, to which we come in § 9.31, we need also pgv2”, which is likewise 
obtained by this method. 

The accuracy of this treatment depends on choosing a good form for 
the variation of density in the rarefaction zone. The form must also be 
mathematically convenient. A suitable assumption appears to be that 
the density is a linear function of distance in the rarefaction zone, so that 


(1 — &)or(r) + (& — Z)po(r) 


Tt) ss ooo 108 
p(é, 7) =e (108) 
From equation 96, 
dZ 
Vo — = ý — C1 (109) 
dr 
We introduce a ratio: 
z 
g) = 21) (110) 
p2(r) 


Equation 107 then leads to 
1 d d 

vo = Ov, =a Vol ~~ Z) la + 6) — In p;(r) — — Ìn J 
2 dr dr 


+30 — i)a =n) (111) 


while 

U (y—1)/2 
— -y7 

yRT)* | C 

Co = a = (112) 
zi 2 

“4 
p2 


We have said that (7) must be chosen to make cz — v2 rapidly approach 
zero from its initial positive value. It does not seem easy to do this in 
the general case, and so we shall now take as an example the firing men- 
tioned in § 9.25. We assume that 


6= (1+ 7)” (113) 


The behavior of cg and vz, until the time the rarefaction reaches the 
breech, shows that n must be taken to be 0.6. A more general form such 
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as 0 = (1 + mr)” would be preferable, but it would be much more 
laborious to determine the best pair of values of m and n; moreover, Ce 
is not sensitive to 6, and hence the “‘best’’ vo would probably not be 
much altered by using the extra parameter m. 


Pressure, tons/sq in. 


Fig. 9.7 Theoretical pressure distributions at various times. R denotes boundary 
of rarefaction wave. Numbers on the curves denote time in milliseconds after shot 
ejection. 

Reproduced by permission of the Royal Society, London. 


The value of n = 0.6 applies to this example only, though n can be 
expected to have the same order of magnitude for all guns. 

Figure 9.7 shows the theoretical pressure distribution along the barrel 
at various times after shot ejection. The values in the rarefaction zone 
were calculated from the treatment of this section with n = 0.6, and 
those closer to the breech by the equations of § 9.24. It can be seen how 
the pressure drop down the barrel, which is about 2 tons/sq in. when 
the shot is at the muzzle, is rapidly damped thereafter. There is, of 
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course, a marked fall of pressure in the rarefaction wave near the muz- 
zle; this drop attains about 1.2 tons/sq in. in 2 msec and stays practically 
constant for later times. 

In Fig. 9.8 are plotted local gas temperatures, calculated from co- 
existing values of pressure and density. The temperature at the muzzle 


Temperature, °K 


Fig. 9.8 Local gas temperatures at various times. Notation as in Fig. 9.7. 
Reproduced by permission of the Royal Society, London. 


drops by 500°C during the first 6 msec. The temperature drop in the 
rarefaction zone reaches nearly 200°C. 

Figure 9.9 shows the local velocity of sound as a function of position 
and time. This was calculated from the density distribution. The gas 
velocities are also shown. To get the velocity at a point ¢ in the rare- 
faction wave it is necessary to integrate equation 106 from the boundary 
Z to & We do not give the rather complicated formulas here. The 
velocities computed in this way cross in a rather confusing way in Fig. 
9.9; this behavior is due to the imperfections of our treatment of the 


The Rarefaction Zone 381 


rarefaction zone. The general trend is sufficiently clear, as is the fact 
that the gas velocity at the muzzle does indeed approach the local 
velocity of sound more closely as time goes on. 

In theoretical prediction of muzzle-brake thrusts it is necessary to 
know the momentum of the gas entering the brake through the muzzle 


Velocity, ft/sec 
Š 


Fic. 9.9 Local velocities at various times. Notation as in Fig. 9.7. 
Reproduced by permission of the Royal Society, London. 


section. The momentum per second is Apot”. Table 9.2 shows the re- 
sults of the present work (with n = 0.6), the “modified Rateau” theory 
with covolume, and the Hugoniot formulas. The first two theories dif- 


TABLE 9.2 RATES oF OUTFLOW, BY VARIOUS THEORIES 


Time from ejection, msec 0 1 2 3 4 5 6 
Apo”, present theory, in 
tons wt 64.1 46.5 ; ; 3 : . 
“Modified Rateau” 50.8 41.3 34.0 28.3 23.8 20.0 17.0 
Hugoniot 38.3 ; € i 8 
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fer by 25 per cent at the start and 20 per cent (in the opposite direction) 
after 6 msec. The significant measure of difference is, however, the 
total momentum of the gas crossing the muzzle section. This is only 1 
per cent different in these two examples. The work of the present sec- 
tion applies only to the time before the rarefaction wave reaches the 
breech. We shall not attempt a theory of the conditions inside the gun 
at a later time. We may accept the modified Rateau formulas as ap- 
plicable at all times to within the accuracy needed for calculation of 
muzzle-brake thrusts, which include rather uncertain corrections for 
friction loss in the brake itself. 

It will appear when we discuss muzzle brakes in detail in the next 
section, that while the projectile is passing through the brake this is 
acting with higher efficiency than later. Therefore the total momentum 
produced by the muzzle brake will be rather more than 1 per cent dif- 
ferent in these two instances. This initial period lasts about 14 msec, 
in our example, and it is easy to show that the difference between the 
two theories cannot be more than 3 per cent for any likely design of 
brake. However, the stresses on the material are probably greatest in 
the period while the shot is passing through the brake, and, if calcula- 
tions of strength are to be derived from the modified Rateau formulas, 
suitable corrections must be applied. 

By omitting the covolume terms we pass from the Rateau to the 
Hugoniot formulas. The total momentum of the gas is about 15 per 
cent too small on this theory. This is an unfortunate failure, since the 
theory is much simpler than when covolume is included, and the simpler 
theory appears to be adequate for the calculation of breech pressures. 

We must now consider case II. As the projectile passes the muzzle, 
the gas velocity just behind the shell is greater than the local velocity 
of sound. The solution inside the gun is determined by the initial con- 
ditions inside the gun only up to the time at which the gas velocity at 
the muzzle has fallen to the local velocity of sound. Until this time the 
solution of § 9.24 is valid everywhere inside the gun. From this solution 
we see that the gas velocity at the muzzle decreases much faster than 
the local velocity of sound, and so it is no long time before the rarefaction 
wave starts in from the muzzle. The conditions inside the rarefaction 
wave can be treated in the same approximate way as for case I. The 
only difference is that one can impose the rigid condition cg = va for r 
greater than 79, and, hence, by the analogues of equations 111 and 112, 
one can obtain a differential equation for po (the density at the muzzle), 
which is a function of 7. 

In case I we have a more qualitative condition to satisfy, which can 
best be examined by using a trial form for pə(7). In case II it is not so 
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necessary to take a trial form for p2(7), but it is still a quick way to get a 
rough answer. The exact differential equation for pə is a complicated 
nonlinear type. 


9.3 Muzzle brakes 


The idea that a baffle just outside the muzzle should be used to provide 
a thrust to reduce the recoil momentum was first put forward in the 
1880’s by de Place. At that time the gun barrel was rigidly attached to 
the carriage, and the whole equipment had to be hauled back into posi- 
tion and aimed afresh after each round. However, the hydraulic buffer 
had already been invented by Siemens (1860) and had been used on 
a few fixed mountings, and the application of the hydraulic buffer to 
field guns accomplished completely what the muzzle brake could have 
done only in part.” 

The idea of the muzzle brake was taken up again in the war of 1914-18, 
by the French. This time the aim was to reduce the work to be done by 
the recoil system. The development was not completed in time for 
service use, and, although various Continental firms, especially Schnei- 
der, tried to sell muzzle brakes in the period between the two. world 
wars, they were never accepted as other than very special devices. 
Nevertheless, the idea was becoming more familiar. 

World War II was marked by rapid and competing developments in 
tanks and antitank guns. The virtues of the muzzle brake are shown 
later to be greater at high muzzle velocities; the antitank gun is there- 
fore a very suitable weapon to be fitted with a brake. The recoil system 
can be made lighter, and for equal stability and strength the fitting of a 
muzzle brake enables the carriage itself to be lightened. Typical anti- 
tank guns with efficient muzzle brakes have a muzzle energy about 20 
per cent greater than equipments of equal weight but without muzzle 
brake. This is a striking advantage. The snag of the muzzle brake is 
its blast backward toward the gun crew, who must be protected by a 
shield. This is, however, already present on all antitank guns. 

It is therefore not surprising that the muzzle brake was soon in service 
on German and Russian antitank guns (of the former, first on the 5-cm 
Pak 38). The German brakes included a few with only one baffle, but 
most were of the two-baffle form illustrated in Figs. 9.10 and 9.11. This 
is a workmanlike brake of medium-high efficiency, widely copied by 
other nations. On the other hand, after the collapse of Germany its 
artillery testing grounds were found to be littered with brakes of the 
most bizarre designs. Some of these may have been intended to perform 


% See Challeat, Histoire technique de l’artillerie de terre en France, vol. II (Paris, 
1935), p. 135. 
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in addition other functions such as flash suppression; it is clear that for 
good braking effect at any desired level of blast there is no need to de- 
part from relatively simple designs. 
The flow. inside a muzzle brake 
has not been studied much from 
the theoretical side. The most in- 
teresting work known to the writer 
is that of Oswatitsch in Germany. 
He studied experimentally and the- 
oretically (by the method of char- 
acteristics) the flow inside two- 
and three-dimensional brakes of 
simple form. The kind of ques- 
tion studied was, for example, 
Fic. 9.10 Outer view and internal con- where to place a single baffe of 
struction of a two-baffle muzzle brake. Biven area to produce most thrust. 
Reproduced by permission of the Royal This work was tackled in other 
Society, London. countries by experiments on model 
brakes. 

For brakes of streamlined internal form one can obtain a good idea 
of the factors affecting the thrust of the brake by simple assumptions 


Fig. 9.11 A German two-baffle muzzle brake on the 8.8-cm Pak 43. 


about the distribution of the flow. Before discussing this, we shall deal 

with the question of which guns are most suitable for muzzle brakes. 
The greater the momentum supplied to a gun after shot ejection when 

there is no muzzle brake, the greater the braking momentum that can be 
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supplied by a given muzzle brake. This suggests that a criterion for the 
suitability of a gun is the ratio 


Momentum from breech pressure after shot ejection 
Momentum from breech pressure up to shot ejection 


both taken in the gun without brake. By the Hugoniot formulas of 
§ 9.22 this ratio is proportional to 


C(RT.)” 
(W + 730) Vo 


Let To be the temperature of uncooled explosion of the propellant, at 
constant volume. Since Te/To is much the same for all guns, we may 
use as a simple criterion of suitability the quantity, 


C(RT)* 


= ———— 114 
W + ÈO) Vo “ 


The larger 8, the more effective will be a muzzle brake of given geo- 
metrical design—the larger, too, will be the blast. It should be noted 
that 8 is not a property of the gun alone but depends also on the weight 
and type of propellant used. 

A point of some interest is the extent to abies we can increase 6 by 
increase of C/W. Langweiler? has published muzzle velocities of a 
rifle with values of C/W from 0.86 to 44 and the same copper crusher 
pressure in all cases; actually the charge weight C was kept constant 
while the shot weight W was reduced to smaller and smaller values. In 
using such extreme values of C/W it must be remembered that the 
standard corrections for gas inertia are less correct than ever, though 
Langweiler’s results show that the errors are not very large in his case. 
The error in Hugoniot’s formula for the momentum after shot ejection 
is also known to increase with velocity. With these provisos in mind, it 
can be said that the criterion corresponding to 8 increases steadily with 
C/W, at constant crusher pressure. 


9.31 The calculation of muzzle-brake thrusts 
An accurate calculation would be a laborious business, which for- 
tunately is hardly ever necessary. The essential points can be illustrated 
by a very simple treatment. 
The flow through the brake is assumed to “run full” everywhere, 
which is usually a reasonable assumption. The first step is to draw 
streamlines (actually surfaces) separating the elements, which pass into 


2 Langweiler, Z. tech. Physik, 19 (1938), 416. 
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different channels of the brake. This division can usually be done in a 
plausible way by mere inspection of the brake section. The area avail- 
able for the gas passing into each section of the brake is now known, 
being the area between streamlines until these merge with the walls of 
the brake. The gas may be imagined to be passing down a nozzle with 
an area varying in this way with distance down the axis. The smallest 
area is almost always at the muzzle section. This implies that the 
velocity of sound is attained there or sooner and that therefore the rate 
of outflow across the muzzle section is unaffected by the fitting of a 
muzzle brake. 

For each channel, straightened out in this way, we can calculate the 
total thrust from Table 7.1, knowing (1) the ratio of the area at the exit 
to the area A, occupied by this section of the flow at the muzzle, and (2) 
the parameter e, measuring the covolume effect, which may be derived — 
from an estimate of the mean pressure in the gun during the important 
period of its emptying. Now we have pointed out in § 7.22 that the gun 
is not really the kind of reservoir that is implied in classical nozzle theory 
and that for the throat (that is, the muzzle) the thrust listed in Table 
7.1 is too big. The thrust should really be Aip,, where p, is the breech 
pressure. However, the part of the thrust due to the nozzle down- 
stream from the throat is correctly given by the difference of the cor- 
responding entries in Table 7.1. This partial thrust is therefore 


(te — £1) AiDr 


where te and ¢; are the dimensionless thrust coefficients of Table 7.1, 
corresponding to the exit and the throat. 

Let the mean angle of the flow from the brake channel considered be 
a measured from the axis of the bore. Then the total backward thrust 
on the gun due to the gas flowing in this channel is 


(te — ti + 1)Aip, cos a 


and, by summing over all the channels, the total thrust is 


Ay 
Apri(ve — tı + 1) (7) COS a 


where A is the bore area. We have shown in § 9.22 that Hugoniot’s 
formula gives 


"i Č 
| af , dt = 1.35C(RT, "(i <) 115 
B (RT.)"\1 + aiy (115) 


Rateau’s formula, which would be more accurate, does not appear to be 
integrable in a simple form. 
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The fitting of the muzzle brake reduces the postejection momentum 
to the fraction 1 — B, where 


A 
B=1-2( —& +1) (5 COS a (116) 


The “momentum index” B may be negative; for example, an axial 
venturi attached to the muzzle has ¢, > £;, Ay = A, a = 0, and so B 
is negative. This occurs in practice with the flash hiders fitted on some 
small-caliber weapons. The true muzzle brake has B positive, but it is 
possible to find brakes with B less than unity; that is, there may still be 
some resultant backward thrust after shot ejection. For brakes of me- 
dium efficiency B is rather greater than unity, running up to over 1.6 for 
practical brakes. 

B is a function of the shape of the brake, but not of its scale, except 
insofar as this affects the frictional losses. This slight dependence on the 
Reynolds number of the flow is not likely to matter in going from one 
gun to another. The effect may be more noticeable in extrapolating 
from model tests in rifle caliber. 

B also depends slightly on the value of y for the propellant gases, and 
to a slight extent on the pressure at shot ejection. Otherwise B is in- 
dependent of the charge. 

Suppose we now write down the total recoil momentum given to the 
gun, using equation 115 for the postejection term in a gun without 
muzzle brake. The result when there is a brake is 


(W + 4C)Vo + 1.35(1 — B)C(RT,)” (117) 


where the notation is the same as in earlier sections. If we use this to 
analyze recoil experiments, finding B from the observed momentum, then 
B will not be completely independent of the charge. For the simple 
formula 115 is wrong by different amounts at different velocities, and 
the apparent value of B alters slowly with velocity. This difficulty can 
be eliminated by finding the postejection recoil momentum by control 
firings in the same gun without a muzzle brake. 


9.32 The “efficiency’’ of a muzzle brake 


There are two distinct processes in the development of muzzle brakes. 
In the first, one tries to assess the relative merits of various brakes, 
which are usually tested on a single standard type of gun. Now the re- 
coil momentum is altered by the mere weight of a brake, even if the latter 
gives no thrust at all. We need, therefore, some figure of merit which 
will separate this effect. 
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In the second stage one picks the most suitable brake for various 
equipments. This will involve questions of blast, reduction of mo- 
mentum, and possibly other factors. Once the design is chosen, it is 
necessary to predict its performance on the new equipment, which in 
ballistics and carriage design may be quite different from the standard 
gun used for brake testing. 

It is clear that the “efficiency” of a brake has two applications: in the 
first stage it is used as a figure of merit; in the second as a device to 
predict performance. The properties required in these cases will now 
be listed. 

In the first stage these are: 

1. The efficiency should be independent of the weight of the brake, 
for various designs differ considerably in this respect. 

2. It should be easy to deduce the efficiency from measurements of 
recoil velocity and trunnion pull, and in particular there can be no ob- 
jection if we need a firing in a gun without a brake. 

In the second stage we have: 

(a) The efficiency should be independent of the weight of the recoiling 
parts. 

(b) The efficiency should not refer to any particular gun, charge, pro- 
jectile, recuperator, or buffer. 

(c) The efficiency should depend on the shape of the brake but not 
on its scale. 

(d) It should be easy to use the “efficiency” in a recoil calculation. 

Points a, b, and c are obviously essential if we are to use the efficiency 
for prediction of performance. Point d is necessary if our definition is 
to be adopted by carriage designers. Although we ask that the efficiency 
shall be easy to use, we do not stipulate that it must be easy to derive 
from experiment. The reason is that the property c assures us that only 
a relatively small number of efficiencies will have to be worked out. 

Let the work done by the action of the gas on a gun without a muzzle 
brake be Sp, and that in the same gun modified only by the addition of 
a muzzle brake be Sg. Let the weight of the recoiling parts of the 
ordinary gun be Wo, and let the weight of the brake be Wp. 

In his unpublished work on muzzle brakes, Goode has defined the 
“gross efficiency” of the brake as 1 — (Sg/Spo) and the “‘intrinsic effi- 
Wo + ~a) Sp 

Wo /So- 
dependent of Wg, provided that the gas action is of short duration com- 
pared with the trunnion pull. Trial computations have shown that even 
when this assumption is badly violated the variation of intrinsic effi- 
ciency with Wg, is of the order of 0.1 per cent and therefore negligible. 


ciency” as 1 — ( He has shown that the latter is in- 
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The “intrinsic efficiency” satisfies conditions 1 and 2 and is therefore 
well adapted to serve as a figure of merit for muzzle brakes, provided, 
of course, that all the efficiencies have been measured on the same gun 
and mounting and with the same charge. 

The “intrinsic efficiency” satisfies a, but not b, for variations of more 
than 5 per cent can occur when the same brake is fired with different 
charges giving nearly the same muzzle velocity; variations by a factor 
of two can be caused by substantial changes of velocity. Point c is 
probably obeyed fairly well. With regard to d, the intrinsic efficiency is 
convenient for only some of the cal- 
culations that arise in carriage design. 

It is natural to ask whether the 
“momentum index” B, introduced in 
the previous section, is a good meas- 
ure of muzzle brake efficiency. From 
Hugoniot’s theory, B satisfies all four 
conditions a to d, except for a trivial 
dependence on the y of the pro- 
pellant gases and the muzzle pres- 
sure. The error in this theory de- 
pends on the muzzle pressure and the 
muzzle velocity. Although the re- kia. 9.12 Approximate relation be- 
marks of § 9.25 show that the error of tween B and intrinsic efficiency. 
Hugoniot’s theory is not large for a British Crown copyright reserved. 
typical ‘antitank gun firing at 3000 
ft/sec, still it is evident from experiment that the error changes fairly 
rapidly with velocity in this region. Thus, if B is deduced from firings by 
using the formula 117, B will satisfy a, c, and d, but not b completely. 
For a criterion of efficiency in the second stage of brake design, B is 
nevertheless rather better than the ““ntrinsic efficiency.” Of course, if 
equation 117 is replaced by a more accurate formula, the B deduced will 
depend less on velocity. It is not possible to write B in terms of the mo- 
mentum given to guns with and without muzzle brake, since in the second 
stage much of the work is concerned with projected guns for which neither 
momentum is known from experiment. Some formula has to be used 
for prediction, and for consistency it ought to be used throughout. 

Although there is no exact relation between B and the intrinsic effi- 
ciency, it is useful to have a rough correlation. This can be taken from 
Fig. 9.12, which is roughly correct for velocities around 3000 ft/sec. To 
illustrate that this curve must not be applied except to normal guns and 
for this order of velocity, we shall now discuss whether the recoil velocity 
of a gun could be canceled by using a muzzle brake. It will appear that 


Intrinsic efficiency, % 
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this is indeed possible for large but practical values of B, say, B = 1.6. 
This implies an intrinsic efficiency close to 100 per cent, instead of the 
value of 75 per cent shown by Fig. 9.12 to apply to normal guns. The 
reason is that a gun that could be made recoilless by using a brake of B = 
1.6 would have to be of most abnormal dimensions, as we shall see. 
Let the charge weight be C, shot weight W, muzzle velocity V, and 
“force” of the propellant RTo. Let T. be the mean temperature of the 
gas in the gun when the shot leaves. The conservation of energy gives 


1 1 
(RT >< RT.) = =(w + 3 c) Vy? 


y¥-—1 
where we have neglected the work done against bore resistance. Write 
T? = T./To, so that 

reat—sq@—n(e 43) (118) 

i 2 C SRT 

` The Lagrange correction in equation 118 is the conventional approxi- 
mation for small C/W, whereas in our calculations C/W will go up to 
values of the order of 5. However, the disadvantages revealed by our 
results are much bigger than any changes that might be made by more 
accurate Lagrange corrections. 

We consider now the recoil forces. Up to shot ejection the gun ac- 
quires a momentum (W + W%4C)V, and later the breech pressure supplies 
a backward momentum 1.35C(RT.)” (§ 9.22), while the muzzle brake 
provides a forward momentum B times as great. For zero recoil mo- 
mentum at the end of gas action, 


(W +4C)V = 1.35(B — 1)C(RT.)” 
that is, 
(= + -) ae 1.35(B — 1)(T.')” (119) 
C iR : 

The solution of equations 118 and 119 has been computed for B = 1.6 
and 1.8, with V/(RT >)” up to 1.6; for normal propellants this corre- 
sponds to velocities up to 5000 ft/sec. The values of B = 1.6 and 1.8 
would give, on normal antitank guns, intrinsic efficiencies of about 73 
and 78 per cent. The lower value is attained on several existing brakes. 
B = 1.8 is probably the upper limit for brakes of practical weight and 
blast. 

The results are shown in Figs. 9.13 and 9.14, which give C/W and the 
temperature of the gases at shot ejection, respectively. From the first 
of these diagrams it is clear that even a small increase in the efficiency of 
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the muzzle brake reduces considerably the charge needed to cancel the 
recoil. The charge for an orthodox gun, shown on the same diagram, was 
calculated by assuming a ballistic efficiency of one third. 


$ for zero recoil 


Charge of orthodox : 


‘Fig. 9.13 Charges to produce recoillessness in guns with muzzle brakes. 
British Crown copyright reserved. 


On Fig. 9.14 we show the ejection temperature for B = 1.8. It can 
be seen that the ballistic solution must be very different from that of an 
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Fig. 9.14 Temperature at shot ejection in guns made recoilless by a muzzle brake 
with B = 1.8. 
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orthodox gun, which would have T,’ of 0.7 or less. The gun made recoil- 
less by a muzzle brake has a very small ballistic efficiency; that is, the 
charge has to be increased several-fold over what would suffice to give 
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the muzzle energy required. This increase is necessary to provide suffi- 
cient thrust from the brake. The large charge needs an enlarged chamber 
and therefore a heavier piece. l 

As the velocity rises, it becomes necessary to provide a greatly in- 
creased charge, until for V/(R7'9)’? beyond about two (for B = 1.8) it 
is no longer possible to obtain recoillessness. ‘This limiting velocity in- 
creases with B. 

Thus it is possible to secure recoillessness with an efficient brake at all 
practical velocities, but the charge weights required are high, and this 
leads to many disadvantages. If the brake is used with a normal charge, 
to give partial reduction of recoil, the advantage gained increases con- 
tinuously with velocity, within the practical range. 


9.4 Conditions ahead of the shot 


These conditions have some importance in practice. Without going 
into technical details, some applications may be cited. First, the shock 
wave and the blast of hot gas, which precede the projectile, are important 
when gun flash is to be separated into components and causes. Second, 
the behavior of various mechanical devices, which have at times been 
attached to gun muzzles, requires a rather similar knowledge. 

Tapered-bore guns have been discussed in the preceding chapter. 
The swaging down of the flanges on the projectile reduces the volume 
enclosed by the two flanges and the body of the projectile, and any air or 
gas that may be trapped there is compressed. In many guns of this 
type the initial pressure of the trapped gas is the same as the air pressure 
in front of the shot at the time the latter enters the taper. The mul- 
tiplication by adiabatic compression is considerable, and if not tapped 
off in some way the pressure will stretch open any press fits in the con- 
struction of the projectile and will balloon the front band at the moment 
of ejection. Steps are in fact taken to vent these gas traps, and for 
rational design one must know the theoretical air pressures in front of 
the shot. 

Apart from these practical applications, the problem is interesting as 
a standard case in the one-dimensional flow of a compressible gas. Im- 
agine the projectile to be given an arbitrary motion down the barrel. A 
complex pressure wave will set out from the shot, with a front of rising 
pressure, which is unstable and after a certain time becomes a dis- 
continuity of pressure—that is, a shock wave. The history of this shock 
depends on the whole form of the motion of the shot. Suppose, for ex- 
ample, that the shot is brought to rest again. A rarefaction spreads out 
into the gas, overtaking and eating up the shock wave. The final state 
is a degenerate low-amplitude shock, in faet a sound wave, traveling 
out through air, which is otherwise at rest. If, on the other hand, the 
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projectile is kept at high velocity, the shock wave will be maintained or 
strengthened. We can expect, therefore, the shot to be preceded by a 
strong shock wave if the shot velocity is greater than the velocity of 
sound for a substantial part of the travel, though it should be emphasized 
that, when moving along a gun-barrel, quite a noticeable shock wave can 
be set up without the projectile ever reaching the velocity of sound. For 
motion in the open air the results are considerably different. 


9.41 Steady motion 


For an introduction to the subject it is helpful to consider a shot 
moving along a tube at a constant velocity V. The treatment is due to 
Hugoniot.” The notation is illustrated in Fig. 9.15. The conditions be- 
fore the arrival of the shock wave are pg, po, To, and zero velocity. The 
shock front moves with velocity D, say, and immediately behind it the 
conditions are pı, pı, Tı, and material velocity V;. At the head of the 
shot the velocities of gas and shot are equal, say, V, and the pressure, 
density, and temperature are p, p, and 7’. 

Give the whole system a velocity V to the left. The shot is at rest in 
this system of coordinates. The shock wave travels at velocity D — V 
into air coming at velocity V toward the shot. After the shock the gas 


Py, Py, Ti 


Air in motion l 
Shock front, Air at rest 

velocity4 p, p, T velocity 
Air velocity D > Pos Po» To 
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Fig. 9.15 Notation for flow ahead of a shot in a tube. 


velocity is V — V,, reducing by adiabatic compression to zero at the 
head of the projectile. 

Rayleigh 3! was interested in the resistance to a projectile in free air. 
In this case the argument applies only to a streamline along the axis of 
the shot, and obviously D must be taken equal to V; otherwise, the shot 
and its associated shock wave would eventually part company. Then, 
from equations 62 and 66 of § 9.15, 


Sah pe Sa ee (120) 
Po YtIRTo ytl 
and 
1)V? 
Pr (y+ 1) (121) 


po (y — 1)V" + 2yRT 


2 Hugoniot, J. école polytech., 57 (1887), 3; 68 (1889), 1. 
3t Rayleigh, Proc. Roy. Soc. (London), 84A (1910), 247. 
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with, of course, 
Pı _ Po 
pil;  PoTo 


The compression from pı, p1, T: to p, p, T is adiabatic, and reduces the 
velocity from Vpı/pọ to zero. From the equation of energy for the 


compression, 

yR Vo," 
Ha Tie 
eae: 2po 


and with the help of equations 120 and 121 one can obtain the convenient 


form: 
T (y—1)/Y 1)? =j 
hed 9 asr hd re) 
Tı pı 4y y + 1/ p 


All this applies only to the conditions just ahead of a projectile in 
free air. When the shot is in the bore, the air cannot escape sideways, 
and in the steady state the shock wave must be such as to reduce the 
velocity of the air to the velocity of the shot, that is, to zero in the 
present coordinates. 

From equation 63 of § 9.15, together with equation 66, we find 


Boy OPM LY l Gtr 
Po 4RT, | (RT) “Ll © 16RT, 
and the density can be calculated from 


pı (y+ 1)p1 + (Y — 1)po 


r 
| (123) 


DPED Ana A N OE (124) 
w eD tiy - Dpi 
while the shock velocity relative to the barrel is given by 
ii pı 
Pom Rig FU preal (125) 
2 Po l 


and its velocity relative to the shot is D — V. This is positive; the 
zone of compressed air in front of the projectile becomes longer as time 
goes on. 

The results of equations 123 to 125 are due to Hugoniot and are mark- 
edly different from those of equations 120 to 122. For example, 
take a projectile moving at 2600 ft/sec, in air of normal density and 
temperature: say 1 atm and 288°K, for which ETo would be roughly 
(1120)"/1.41 (ft/sec)*. Because of the heating in the shock wave the ap- 
propriate y is rather less than 1.41, and should be rather different in the 
two cases. However, this has only a small effect on the difference be- 
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tween the two results. For simplicity we take y = 1.38 in both cases. 
Then we arrive at the results of Table 9.3. The differences can well be 


TABLE 9.3 CONDITIONS AHEAD OF A PROJECTILE WITH STEADY VELOCITY 
2600 FT/SEC 


P, = 1 atm; T = 288°K 


. In Free Air In Gun Barrel 
Pressure behind shock 6.23 atm 11.08 atm 
Pressure at shot 7.50 atm 11.08 atm 
Temperature behind shock = 560°K 786°K 
Temperature at shot 589°K 786°K 
~ Velocity of shock 2600 ft/sec 3450 ft/sec 


described as striking. It is easy to show that at very high velocities the 
divergence becomes small, whereas it is relatively more marked at low 
velocities. At the velocity of sound the head pressures differ by a factor 
of two. At lower velocities equation 120 is not applicable, since then no 
shock wave is formed; equation 122 then fails, and the pressure rise is 
only ppV*/2. On the other hand, equations 123 to 125 are valid right 
down to zero velocity. The reason for these differences is that it is not 
possible to have a shock velocity less than the velocity of sound; when 
the projectile is enclosed in a barrel, however, the important quantity 
is the material velocity behind a shock wave, and this velocity can go 
right down to zero. 


9.42 Riemann’s method for the solution of the 
hydrodynamic equations 


This discussion is restricted to the one-dimensional case. Extensions 
to two and three dimensions have been made lately in unpublished work. 
Let x be the co-ordinate, and v, p, and p the velocity, pressure, and den- 
sity of the gas at position z at time t. The Eulerian equations of hydro- 
dynamics are: 


Ov ðv lop 
—+r—= --— (126) 
ot Ox p Ox 

and 
Op Op Ov 
beth tes gg 127 
ot ðr : Ox me 


It is assumed that p is uniquely determined by p. This covers adiabatic 
changes but not shock waves, for there the transition through the shock 
front is accompanied by a shift from one adiabatic to another. The 
method to be described is therefore valid up to a shock but not across it. 
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If shock waves are present, it is usually possible to use Riemann’s method 
in all the intervening regions, fitting together the solutions by ap- 
propriate shocks. 

Write the local velocity of sound as c, 


and define 


= f id (128) 


where the lower limit is a constant, chosen for convenience. w is a ve- 
locity. Then equations 126 and 127 can be written as 


[2 +otot]w+y=0 
aoe eel N E 


E = oğ 
aa an K aa Ba 


that is, w + v is constant at a point moving with velocity v + c, whereas 
w — v is constant at a point moving with velocity v — c. The curves 


E i (129) 
—=v+e 
dt 
along which 
dw + dv = 0 (130) 


are the “characteristics” of the original partial-differential equations. 
By integrating along these curves, finding their direction as we proceed, 
the solution can be built up from the boundaries where v + c orv — c 
are known. 
If 
p = ap” 
then 


2c 
w = i -+ constant (131) 
y— 


An important special case occurs when a rarefaction wave passes into 
gas originally at rest in a uniform state. Suppose that the wave is pass- 
ing toward negative z. Then values of w + v are being propagated back- 
ward into the wave with velocity v — c. Butatt = 0,v = 0 everywhere, 
and w is the same everywhere. Hence at points in the wave, 
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v=wowt=0) —w= (co — c) 
y— l 
% (y—1)/2 
maT, (er) as 
ymi Po 


a relation already used in § 9.16. 

Integration along characteristics is a useful method for obtaining nu- 
merical solutions and is applicable to other partial-differential equations 
with real characteristics, that is, equations of “hyperbolic type.” The 
mathematical theory of characteristics is a wide subject, covered for 
example, in Goursat, Cours d’Analyse, volume 3. The numerical method 
can be applied without study of its deeper meaning. 


9.43 Accelerated motion 

We are now ready to consider the building up of air pressure in front 
of an accelerating shot. Riemann’s method has been applied by Hu- 
goniot ? to the case of constant acceleration, among others, giving an 
analytical solution up to the time at which the first discontinuity of 
pressure appears in the field. This method is equally applicable to other 
acceleration-time relations with moderately simple analytical expres- 
sions. After the appearance of the shock an analytical solution is more 
difficult. Until recently all that had been obtained in this zone was a 
numerical solution; this being so, it was reasonable to use a numerical 
acceleration-time curve for the shot. A solution of this class has been 
obtained by Schardin.* Recently an analytical solution for the early 
stages of the motion after a shock has developed has been published by 
Pillow.* 

In this section we shall give the solution for constant acceleration, to 
show how the shock first appears ahead of the shot. The later develop- 
ment of the shock will be sketched from Schardin’s example. 

Let the projectile move from left to right, with velocity V(t), and let 
the velocity of the gas be v(x, t). The position of the shot at time t is 
written as X(t). The (x, t) plane is useful in visualizing the solution 
(Fig. 9.16). At time t = 0, v = 0 and c is a constant cp everywhere. 
w is a constant too and may be taken equal to zero. The characteristics 
(a, of Fig. 9.16) 


ue (133) 
— = 9- 
di i 


2 Hugoniot, J. école polytech., 58 (1889), 1. 
8 Schardin, Jahrb. deut. Akad. LFF, 1940/41. 
“ Pillow, Proc. Cambridge Phil. Soc., 45 (1949), 558. 
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carry the constant values of w — c from the z axis into the region of 
positive ¢. But w — v is zero everywhere on the z axis. Hence w — v is 
zero at every point in the (zx, t) plane that can be reached from the z axis 
by proceeding along a curve of 
type 133 without passing through 
a shock wave; therefore 


dp\ “d 
v=o=f (2) = (134) 
ve \dp/ p 


(curves 6 in Fig. 9.16), w + vis 
constant, and hence, from equa- 
tion 133, v and w are each con- 
stant. The velocity along a char- 
acteristic of type 8 is therefore 
equal to the shot velocity at the 
time r at which 8 intersects the travel-time curve of the projectile. 
The equation of such a characteristic is 


Fia. 9.16 Position-time curve of the 
projectile and the characteristics of the 
gas-flow field. 


æ — X(r) = (t — V(r) + e(7)] (135) 
and, along it, 
v = V(r) (136) 
and so, from equations 131 and 134, also 
e(r) — co = 3(y — 1)V (7) (137) 


_ We have now a solution for each point of the (z, t) plane ahead of the 
_ shot. Each point lies on some characteristic (equation 135), and the 
appropriate value of r gives the local gas velocity and density from equa- 
tions 136 and 137. 

The appearance of a shock wave is shown in this method by the 
crossing of a pair of characteristics of type 8. This means that two 
values of pressure are possible at the same point; in other words, the 
solution is no longer valid. Physically a discontinuity of pressure has 
formed, and the assumption of adiabatic flow has broken down. The 
first infinitesimally small discontinuity appears when two characteristics 
first touch. This point is obtained by differentiating equation 135 with 
respect to 7 and solving with the use of equation 135. The differentiated 
equation is 
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(188) 


and the envelope of the characteristics (equation 135) is 


2[V (7) + e(7)]e(7) 


x= X(r) + (139) 
(y + 1) ry 
t=r a (140) 
(y + 1) o 


We wish to find the first value of ¢ on 
this curve. This does not always corres- 
pond to 7 = 0. Suppose the projectile 


has a constant acceleration a. Then, 
V(r) = ar 
and 
2[co + 3(y — 1)ar] 
= T -r 


(y + 1)a 


~J ite) 


Préssure, atm 
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Fig. 9.17 Development of a 
shock wave ahead of an acceler- 


ated projectile, in an example - 

typical of small arms. The num- 

bers on the curves gives the time 
in milliseconds. 


whose minimum occurs at 7 = 0, giving 
i 2co 
(y + la 


The first trace of discontinuity occurs, therefore, at the front of the 
pressure wave in this case, at a time given by equation 141 and a position 


(141) 


2c0? 
x = | 
(y + 1)a 


If the shot has retained its constant acceleration until the shock appears, 
the velocity of the shot is then 2coọ/(y + 1). This velocity has never- 
theless no particular significance. There is indeed no reason why the 
acceleration should remain constant; the shot could settle down to any 
constant speed without altering the time at which the first discontinuity 
appears. The later history of the wave does, of course, depend on the 
whole velocity-time curve of the projectile. 

Figure 9.17 (after Schardin) shows a typical set of pressure-distance 
relations for the motion in front of a rifle bullet, up to the first appear- 
ance of a shock. The discontinuity in this case first appears some dis- 
tance behind the front of the wave. This is connected with the fact that 


(142) 
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in this instance the acceleration at first increases with time (see also ex- 
ample 12 at the end of this chapter). The discontinuity occurs 7 cal- 
ibers in front of the head of the shot, when the latter has moved about 
25 calibers. 

Once the discontinuity appears, the integration along the character- 
istics has to be carried out numerically. The position and strength of 
the shock are found as one goes along, by adjusting to give the correct 
velocity all along the shot travel curve. 

In Schardin’s example the shock reached the muzzle about 10 calibers 
in front of the head of the projectile. In this example the muzzle ve- 
locity was about 2500 ft/sec. 


9.5 The motion of propellant in a gun 

When the propellant burns slowly, its distribution between breech 
and shot base is a matter of some importance in Lagrange’s problem. 
It is almost always assumed that the propellant moves with the gas, so 
that the local density of unburnt propellant is proportional to the local 
gas density; the ratio decreases as time goes on. This assumption is 
plausible and has the merit of helping the solution. Nevertheless, this 
is not the most accurate of the simple assumptions that one might make. 
The analysis of the motion of the propellant is not easy, if an exact 
solution is called for; however, we can very quickly reach significant re- 
sults, if we ask for an upper limit to the motion. 

The movement of the burning propellant is important for another 
reason too. The rate of burning of propellant increases when there is a 
transverse blast across it, as pointed out in § 2.4. If the propellant moves 
with the gas in a gun, there is no relative velocity. If the propellant re- 
mains stationary, the relative velocity attains, by the end of burning, a 
value that is sufficient to increase considerably the rate of burning. By 
finding an upper limit to the motion of the propellant, we find a lower 
limit to the erosion effect. 

Since we seek only an upper limit, we may omit the mutual tangling 
of the pieces of propellant and the impedance caused by the walls of the 
gun. We take also the conventional Lagrange distribution of pressure, 
modified by using an effective charge C(t), the amount present as gas, 
in place of the total charge; that this is a reasonable estimate during 
most of the period of burning has been confirmed by recent experimental 
work. 

We have also probably overestimated the drag forces on the propel- 
lant. These forces are important near the end of burning. We have 
taken the drag to be the same as that on a solid body of the same size as 
the propellant stick at the instant considered. It seems probable that 
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the emission of gas from the propellant would reduce the drag. This is a 
problem that could probably be treated from existing knowledge on 
aerodynamics, but such a refinement is not necessary here. 

(a) Cord propellant. Let t be time and z the co-ordinate down the 
barrel, measured from the breech. Let p(x, t) be the gas pressure, p(z, t) 
its density, and v(x, t) its velocity. Let V(t) and X(t) be the shot ve- 
locity and position, respectively. Let C and W be the masses of charge 
and shot. We take ¢(t) as the fraction burnt and r(t) as the radius of the 
cord. The density of the propellant is denoted by 6 and the length of 
the stick by L. + | 

We shall discuss later the effects produced by using propellant shapes 
other than cord. 

For simplicity we assume that the chamber has the same cross-sec- 
tional area A as the bore. We assume also that the stick remains parallel 
to the axis of the bore. Let y(t) be the position of the center of the 
propellant stick at time t. 

The resultant force on a stick due to the pressures on its ends is 


ð 3° 
CORGA) 
ÖT y Ox 


for the mean pressure on an end lies between p and p + Y%pV?; the 
former limit gives F, and the other gives a smaller accelerating force. 
We shall use the form, 


| p = a(t) — x°B(t) 
so that 
ð 
AsL (2) (143) 
ðT/ y 


We write u for the viscosity of the propellant gases. Let R, be the Rey- 
nolds number at a distance z from the upstream end of the propellant. 
In a stream of uniform velocity the appropriate Reynolds number is 
that for flow over a flat plate parallel to a stream, namely: 


(relative velocity of gas) pz 


PE ow 


In our problem the relative velocity is itself a function of z, though the 
variation with z is relatively slow, and our formulas cannot be more than 
approximately correct. 

For propellant products, » is about 6 X 10~* g/c sec. 


402 The Hydrodynamic Problems of Interior Ballistics 


The surface drag on a ring, width dz, of the surface of the stick is 


dy\? 
p(z, t)ar | v(z) — at Cy(R,) dz (145) 
where % 
C; = 1.828R,-% for R, <3 X 10° 
~2.58 (146) 
Cy = 0.455(logio R) 255 for R, > 3 X 10° 


The density p(z, t) may be replaced by the mean throughout the volume 
behind the shot, since the density varies relatively little along the bore. 
This mean is 


A E E (147) 


We have to integrate equation 145 along the length of the cord, from 
z = 0to L. For a cord of full chamber length a reasonable approxima- 
tion is obtained by calculating a mean Cy from the Reynolds number at 
z = 0.7L and using this C; in the integration of equation 145. It follows 
that the total surface drag is 


1/LV\? LV, 
Fa = pOr rg |: (=) - Srp] (148) 
where 
3 Wa ayer. (149) 
EE ae” 
Also, 
Cy = CR) 
with l 
R e( Y pya ~) (150) 
"Pee ee 


This gives the total acceleration with errors of the order of 2 per cent, 
which is better than the real accuracy of our physical model. In deriving 
equation 148 we have made the conventional assumption that 


V 
vy) = vy (151) 


This is likely to be considerably in error in the earliest stages of firing. 
The gas drag is, however, important only when the propellant is nearly 


% Prandtl, in Physics of Solids and Fluids, pp. 298, 299. 
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burnt, and under these conditions equation 151 is a good approximation. 
We assume also that 


Colt 
p(x, t) = polt) lı "a — (2) | (152) 
leading to 
d'y _ polt)o(t)C eaj pai Jan ] 
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Note that this holds only for a cord whose end is initially near the breech. 

For illustration we take a differential-analyzer solution for a high- 
velocity gun with C/W = 0.64, giving a peak pressure of 29 tons/sq in. 
and a velocity of 2475 ft/sec at “all burnt,” at a travel of about 20 
calibers. For this solution the functions occurring in equation 153 have 
been tabulated, and this equation has been solved by numerical inte- 
gration, starting from the boundary conditions y = yo, dy/dt = 0 at 
t = 0, the instant of shot start. 

An apparent difficulty arises from the buckling of the cord under the. 
acceleration stresses. This is equivalent to the buckling of a beam with 
pin ends under distributed axial loading, and the critical acceleration is 
given by * 

BED = 6 154 

Erda? ` aii 
where E is the modulus of elasticity of the propellant. For a typical 
solventless propellant at temperatures near 60°F, we can take E = 
5 X 10° dyne/sq cm. For a stick the length of the chamber, the buckling 
criterion is exceeded even at shot start. Presumably the presence of 
other grains of propellant and the support of the walls of the gun restrict 
the buckling sufficiently to prevent breaking of the stick. Under these 
conditions, equation 153 for the motion of the cord is not likely to be 
seriously affected. 

Numerical results are shown in Figs. 9.18 to 9.20. In Fig. 9.18 the 
travel and velocity of the cord are shown as ratios to the corresponding 
quantities for the shot. As the cord radius r tends to zero, the velocity 
tends to infinity like log (1/r), but the tiavel remains finite. The total 
travel is only 2.3 calibers. 

A more striking demonstration of the unimportance of the motion of 
the propellant is shown in Fig. 9.19, where the motion is plotted against 
rP®-®, P is the breech pressure in tons per square inch and r is the radius 
of the cord; since the rate of burning of this propellant was taken to be 


% See, for example, Timoshenko, Elastic Stability (1936), p. 122. 
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proportional to P®-® in this ballistic solution, rP°-® is proportional to the 
rate of generation of gas from the charge. It is clear that, in the region 
of most importance for interior-ballistic calculations (namely, that of 
large rP°-°), the travel is of the order of half a caliber. 

Another point of interest is the ratio of drag force to total force on the 
stick of propellant. This is plotted in Fig. 9.20, which shows that the 
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Fig. 9.18 Motion of cord of full chamber length in high-velocity gun. 
British Crown copyright reserved. 


final rapid acceleration when the cord is nearly burnt is due to the in- 
creasing effect of the gas drag. 

(b) Tubular propellant. If the internal and external diameters are 
D,(t) and D(t), then the mass of the tube is 4rLé(D,; + D2)(D2 — 
D,), and the perimeter of any normal section is t(D; + D2). The equa- 


tion of motion is 
d ALALA (HCR) T1/LV\? LV i 
Py polo POC (R) Pe -Hepp sie 


e Wes ”' (Dp —Dsl3\xX X 
where 
dy ( 1) = 
ma. aie Wop i 156 
eu ee 58) 
and 
V dy 
R -*| 0.21) — - 9) 157 
(y + Ms EF (157) 


We have made the same approximations as in dealing with long cords, 
and equation 156 reduces to equation 153 if we write Dı = 0 and Dz = 
2r. Since (Də — D,)/2 decreases during burning in the same way as the 
radius of a cord burning under the same pressure-time relation, it follows 
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that the motion of a long tube shows no essentially new feature compared 
with cord. However, the rate of generation of gas is now simply propor- 
tional to P®-®, and the epoch of greatest travel of the propellant is now a 
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Velocity of cord, ft/sec 


Fia. 9.19 Motion of cord of full chamber length, compared with rate of generation 
of gas, which is proportional to rP®-*, where P tons/sq in. is the breech pressure and 
the cord radius is r cm. 

British Crown copyright reserved. 
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Fig. 9.20 Relative importance of gas drag on cord. 
British Crown copyright reserved. 


period of considerable importance to the ballistics. Even so, the travel 
of actually 2 calibers is not sufficient to be worth taking into account. 

(c) Short grains. In this case the chief interest is in the motion of the 
pieces of propellant nearest to the shot. We return to the equations for 
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short pieces of cord, though, as seen previously, there would be very sim- 
ilar results for chopped tube or multitubular. Equation 153 is true only 
for long cords of full chamber length; the more general equation is 


2 a : 
I ca | p eed ea Se 
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Numerical calculations have shown that, for lengths of, say, half a 
caliber, it is possible to replace the integral of C; by a mean Cy, calculated 
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Fie. 9.21 Motion of a short cord originally at shot end of chamber. 
British Crown copyright reserved. 


at z = L/2; the error in the total acceleration is only a few per cent. 
Hence, for chopped cord, 
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The motion of a length of 1 caliber, initially at the shot end of the 
chamber, has been followed by numerical integration. The results are 
shown in Fig. 9.21, together with, for comparison, the travel-time curve 
of a single long cord. Although the travel is about twice as large for the 
short length, it cannot be said that these travels of 5 calibers are likely 
to be of ballistic significance. 

In short, a charge of propellant in small pieces will spread out, but 
even the grains nearest the shot will travel only about a quarter as far as 
the projectile. 


9.51 Ballistic consequences 


The first is that the rate of burning at any time is controlled by the 
pressure in the chamber more nearly than by the mean pressure in the 
whole volume behind the shot. 

The velocities attained by the propellant, though small compared to 
the velocity of the projectile, are sufficient to explain why “unburnt” 
propellant, if present, comes out at the muzzle. 

The forces on propellant in a recoilless gun are somewhat similar to 
those in an orthodox gun. There is a stagnation point, which is at first 
at the shot but which later moves backward. The gas velocities in the 
chamber and the pressure gradient in it are therefore not substantially 
different from those of an orthodox gun, though of course they are re- 
versed in sign, and one need not expect propellant to be blown through 
the nozzle unless the web size is large. This is in agreement with ob- 
servation. ‘‘Unburnt” picked up behind recoilless guns has, in our ex- 
perience, always been short pieces of almost initial thickness, believed 
to be splinters broken off by violent ignition and thrown out with the 
plastic sealing disk. 

From the known dependence of the rate of burning on the transverse 
relative velocity, the mean increase in the rate of burning has been found 
to be about 10 per cent for a typical propellant in this ballistic solution. 
A cool flashless propellant would give a much larger effect. It is to be re- 
membered that this example has rather a high shot velocity at “burnt,” 
almost 2500 ft/sec. Nevertheless the increase is significant even for 
more normal guns. Some of the consequences for orthodox ballistic 
theory have been pointed out in § 2.22. The idea that the rate of burn- 
ing in a gun is affected in this way by velocity and nature of propellant 
has been found to be useful in explaining anomalies of various kinds. 

Finally, we may add that the motion of the propellant is sufficiently 
small to allow us to take it as stationary in work on Lagrange’s problem; 
this is not exact, but seems to be the most accurate of the simple assump- 
tions we might make. 
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EXAMPLES 


1. Calculate the Lagrange correction for a recoilless gun in the same order of 
approximation as carried through in § 9.11 for a normal gun. 

2. Extend the German method of arriving at equation 60 of chapter 7, to include 
plausible Lagrange corrections. Show that the gun made recoilless by a nozzle in 
the breech uses less propellant than that made recoilless by a muzzle brake with 
B=18. 

3. Find the pressure distribution along the bore for the velocity distribution 
of equation 23. 

4. Estimate the frictional pressure drop in Langweiler’s firings at 9000 ft/sec, 
with charge weight 11 g, caliber 8 mm, equivalent length of the bore about 1 m. 

5. Find the Rankine-Hugoniot curve for a gas with a constant covolume. 

6. Repeat Pfriem’s work on maximum MYV, allowing for covolume. Assuming 
that, when covolume terms are included, RTo should be altered to keep constant 
energy of reaction, find the effect of a covolume on the maximum MV. 

7. Calculate the velocity of the shock wave in Pfriem’s theory of maximum MV, 
and compare with the material velocity behind the shock. 

8. Centervall (Internal Ballistics, Stockholm, 1902) neglected the drop of tem- 
perature caused by the work done on the shot, using simply the relation between 
pressure p and density p taken from a closed vessel. He took the ratio of shot pres- 
sure to mean pressure to be 1 — (pV?/2p). Show that these overestimates of the 
Lagrange correction and of the gas temperature nearly counterbalance in the guns 
he considered (C/W ~ 4). . 

9. Rewrite the recoil equation of a vented-breech recoilless gun, to allow for the 
presence of a muzzle brake. 

10. Find an upper limit to the possible values of B. 

11. Bohler has proposed that flaps operated by gas pressure should be used to 
block the central exit of a muzzle brake as soon as the shot has left. Estimate the 
increase in B. 

12. Find the position and time at which a shock first appears ahead of a projectile 
moving down the bore with acceleration proportional to time. Show that in this 
case the discontinuity does not appear first at the head of the compression wave. 


Heat Transfer 
CHAPTER TEN 
to Gun Barrels 


10.1 Introduction 


This subject has two claims to importance. The first is the central 
place occupied by calculations and measurements of heat transfer in the 
investigation of gun erosion. It is now established that there are three 
main mechanisms of erosion in steel guns. The first is responsible for 
only a small rate of wear, but it can be the most important of the 
three in low-velocity weapons; this mechanism is connected with me- 
chanical erosion of the bore and does not appear to be correlated with 
the temperature attained at the bore surface. The second mechanism 
enters at higher bore temperatures and increases fairly rapidly as the 
temperature rises. This effect is believed to be due to the brittleness of 
a surface layer of chemically transformed material, largely martensite, 
formed by rapid heating and cooling. Finally, in guns of large caliber 
and high velocity the temperatures reached are so high that products of 
a cementite nature are formed on the bore surface; because of its low 
melting point such a layer is easily swept away and the gun erodes 
rapidly. Though the subject of gun erosion is now too extensive and goes 
too far into metallurgy to be covered in this book, it should be apparent 
that calculations of bore temperature play a most important part. 

The second use of a calculated heat transfer is in the Résal equation. 
Throughout this book we have assumed that the heat loss at any time 
is proportional to the energy of the shot at that instant, the constant of 
proportionality depending on the gun, charge, and projectile. In this 
chapter we explain how this convenient assumption can be tested and 
the constant factor estimated. 

The calculation of the flow of heat through the system, from the gas 
out to the atmosphere, falls into three parts. The flow of heat in the 
metal barrel is one division and can be solved once we know the flow of 
heat at the inner and outer walls. The transfer of heat from propellant 


gases to bore surface occurs chiefly by forced convection through the 
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highly turbulent boundary layer; it is easy to see that radiation has a 
much smaller effect than convection. The theory of this convection is 
the second main division of the subject. In a single round from a cold 
gun the penetration of heat into the barrel is small, and, when con- 
sidering single rounds or low rates of fire, it is sufficient to take the outer 
boundary condition in the metal to be “atmospheric temperature at the 
outer surface.” For guns fired at higher rates an equilibrium state is 
set up, in which the whole of any given section of metal, normal to the 
bore axis, is at about the same temperature, while transient peaks ap- 
pear at the bore surface. The loss of heat by convection at the outer 
surface is then a third part of the problem. 

In this chapter we shall illustrate the methods used by treating the 
simpler case, that of single rounds in a cold gun. Convection at the 
outer surface can then be neglected. We begin with the transfer of heat 
in the boundary layer, and then show how the heat flow in the barrel 
can be solved. 

The theory of heat transfer in guns was studied in England during the 
war by Hicks and Thornhill, whose treatment we follow here. Parallel 
work was carried out in the United States by Hirschfelder and Nordheim 
and their collaborators. Until now none of this work has been published 
openly, though the Hicks-Thornhill treatment is in course of publication. 


10.2 The heat-transmission coefficient 


We assume that the bore surface is smooth in the hydrodynamic 
sense, and we correct for this approximation at the end of the section. 

The rate at which heat is transferred through the boundary layer per 
unit area of the wall is written as A(T; — T), where T is the temperature 
of the bore surface and T; is the temperature of the main gas flow, well 
outside the boundary layer. All three quantities, h, T,, and T, depend 
on time as well as on position along the barrel. The difficulties of the 
problem occur mainly in the calculation of the heat-transmission co- 
efficient h. 

The flow in the boundary layer is neither uniform with regard to dis- 
tance along the barrel nor steady in time; the Reynolds numbers are 
very high, compressibility effects occur, and there is a big drop of tem- 
perature across the boundary layer itself. The solution for the main 
stream is itself not completely understood, as was seen in chapter 9. 
Clearly a vigorous simplification of the problem is necessary. We begin 
with some of the more reasonable of the approximations. The first is 
the conventional replacement of the actual chamber and shot seating, 
with their tapered surfaces and greater diameter than the bore, by a 
cylindrical continuation of the bore of the correct volume. We measure 
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all distances from this idealized breech position and assume that the gas 
velocity in the main stream rises linearly from breech to shot base. 
This Lagrange approximation can be expected to be better than the ap- 
proximations made later in regard to the boundary layer, though the 
error is probably not negligible. When more is known about the real 
solution of the Lagrange problem, it will be easy to incorporate this in 
the heat-transfer calculations. 

It will be shown later that the boundary-layer thickness is small com- 
pared with the radius of the bore, except in high-velocity guns and then 
only for a short time near the muzzle. It is therefore possible to con- 
sider the flow in and near the boundary layer to be the same as near a 
flat plate edge-on to the stream, the plate being of infinite extent per- 
pendicular to the flow. The appropriate Reynolds number at a distance 
x from the breech is 
zplz, t) V(x, t) 


u(x, t) 


where p is the gas density, u the viscosity and V the velocity of the gas 
in the main flow. The viscosity depends on the temperature, but the 
variation with distance at any time is small. The density can also be 
taken to be independent of position at any given time; this is in fact the 
basic assumption of the Lagrange approximation. Thus we have 
Ríe, ù) = xolt) V (x, t) (1) 
u(t) 

As typical magnitudes we may take V = 1000 ft/sec, x = 5 ft, p = 0.1 
g/cc, and u = 6 X 107* g/cm sec; then the Reynolds number is 8 X 
10°. The range covered in all guns at all positions and times is from 
zero to 10!°, with 10° — 10'° as the important region. For smaller 
values of the Reynolds number the heat transfer is relatively small, and 
there is negligible error in applying everywhere the formulas that we 
shall derive for the higher Reynolds numbers. 

Let Cp be the specific heat of the propellant gases, at constant pressure, 
and let à be their thermal conductivity. Then the “Prandtl number” ø 
is defined as 


R(x, t) = 


uCp 
o = — 2 
7 (2) 
Reynolds’ analogy between the transfer of momentum and heat in tur- 
bulent flow has been extended by von Kármán ! to cover Prandtl num- 


1 yon Kármán, Proc. áth Intern. Congr. Applied Mech. (1934), p. 77; also Modern 
Developments in Fluid Dynamics (ed. Goldstein) (Oxford, 1938), p. 657. 
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bers other than unity. For the heat-transfer coefficient h, his solution 
leads to 

Cp V p* V\% 

ss A (=) lø — 1 + 1n {1 + 0.83(e —1)}] (3) 


TO 


h To 


where ro is the skin friction drag per unit area.? 

The Prandtl! number is a slowly varying function of temperature, and 
enters the formula 3 only in the second term, which is no more than 10 
to 20 per cent of the first. Moreover equation 3 is not necessarily correct 
at high velocities or in nonsteady or nonuniform flow. It is therefore 
sufficient to give e a mean value for all gas temperatures and all propel- 


lants: 
pp V a pV? 3 a 


h TO (4) 


TO 
The composition and C, of the gases at any specified temperature can 
be computed from the tables of chapter 3, neglecting minor products. 
The viscosity, which is nearly independent of pressure, can be estimated 
at ballistic temperatures by Sutherland’s law: 
p» 
x ———— 5 
ae S (5) 
where S depends on the gas and is of the order of 100°K for propellant 
products (Table 10.1). The viscosity of the mixture can be taken, with 


TABLE 10.1 DATA FOR VISCOSITY AND THERMAL CONDUCTIVITY OF 
PROPELLANT PRODUCTS 


Gas He H,0 CO CO: Ne 
Viscosity at 273°K, ‘ 
104 gm/cm sec 0.84 1.27 1.66 1.37 1.65 
Sutherland constant S, °K 94 120 156 240 114 


sufficient accuracy for this problem, to be a linear sum of the individual 
values, weighted according to mole fractions. 

We come now to the most difficult part of the whole calculation of 
heat transfer: the determination of the skin friction rọ. This has been 
solved theoretically when the flow over the surface is uniform, steady, 
and incompressible and the temperature difference across the boundary 
layer is small. In the present case all these assumptions are violated. 
The flow is varying rapidly with time, the velocity increases with dis- 


2In the technical literature the skin friction is often expressed in terms of the 
“Fanning coefficient” 2 79 /pV”. 
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tance from the breech, and the gas velocities in the main stream are smal- 
ler but of the same order as the velocity of sound in the gas. Further- 
more, the temperatures at the bore surface and the outer side of the 
boundary layer differ by more than 1000°C nearly all the time, and 
so there must be a large variation in thermal conductivity and viscosity 
inside the boundary layer itself. This makes a formidable problem, 
which has so far not been solved exactly. The most that has been done 
is to make a plausible guess, based on certain empirical results. 

If we take first the steady uniform flow, let z be distance measured 
from the surface perpendicularly into the stream. Writing 


Vet = (6) 
p 
and 
pV xz 
n= (7) 
u 


then the velocity v at distance z from the wall can be shown to have the 
form 


v = Vay(n) (8) 


The function 4 can be determined from experiment, starting with forms 
suggested by theory. At high Reynolds numbers the velocity distribu- 
tion 4 can be shown theoretically to take a logarithmic form, which has 
been fitted to experiment to give ê 


y = 2.495 In (1 + 8.937) (9) 
For many calculations a more tractable form is 
y = a” (10) 
of which a special case is the Blasius formula, 
Y = 8.74” 


valid for Reynolds numbers up to 10°. At higher Reynolds numbers it 
is possible to represent equation 9 by a ‘“‘best” power law 10 by fitting 
the skin friction calculated from the two expressions in the special case 
of steady uniform flow. To obtain the skin friction we use the boundary- 
layer momentum integral,‘ which for steady flow and uniform velocity 
V gives 

3 Prandtl, in Aerodynamic Theory, vol. III (ed. Durand) (Berlin, 1934), p. 150. 


4See, for example, Modern Developments in Fluid Dynamics (ed. Goldstein) (Ox- 
ford, 1938), p. 133. 
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ro = — | (V -owa (11) 
Ox 0 


where 6 is the thickness of the boundary layer. If we use equations 5 
to 7 and define 


pVxd 
m= (12) 
H 
so that 
V = Vab(m1) (13) 
then equation 11 leads to 
dx db(m) u f 
— = —— — | X(n) dy 14 
dn dy, pV Jo (14) 
For y = an!'” we have 
paq +t "n 
- (15) 


7 pV (n + 2)(n + 3) 


since nı = Oat z = 0. This result may be written as a relation between 
the local Reynolds number, 
xpV 
R = — 
H 
and the local value of 7o/pV?: 


n pV? (n-+3)/2 
ee ee (ola 
araur) a0) 


From the more accurate velocity distribution (equation 9), we obtain 


6 
R = 8.93 (2.495)? | én =e 8.93 In (1 + 8.9371) i Ani ln (1 + 8.9371) 


1 + 8.9371 
Sheen te Ved oid: 2 
3.93 {In (1 + 8.93n;)} l 
where 
1 + 8.93 i : ( yi (17 
eens Toe ae on ) 


By adjusting a and n in the power law, to give best agreement between 
equations 16 and 17 in the range R = 10° — 10°, Hicks and Thornhill 
have found 

Y = 12.41 (18) 
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as a “best” power law for heat transfer in guns. The deviation is less 
than 3 per cent inthis range. 

The skin friction drag deduced from this law in equation 16 is true 
only for steady uniform incompressible flow with small temperature 
changes across the boundary layer. We should now take account of the 
rapid changes in the flow, in both space and time, and the compressibility 
and the rapid changes in physical properties in the boundary layer. The 
generalization of Blasius’ formula to apply to steady incompressible 
but nonuniform flow has been carried out by Buri,’ whose result for the 
skin friction is within a few per cent of what would be deduced for a 
uniform flow at the local Reynolds number, assuming the normal ve- 
locity distribution across the layer. 

The experiments of Frossel ë show that at a given Reynolds number 
it matters little to the skin friction whether the flow is subsonic or super- 
sonic, and it is reasonable to assume that this is true also for the heat 
transfer. 

Hicks and Thornhill have therefore assumed that the disturbing fac- 
tors, which at present have not been included accurately, would have 
only a small effect on the velocity distribution in the boundary layer. 
The next step, then, is to calculate to/pV? from the boundary-layer 
momentum integral, including now the terms due to the nonsteady and 
nonuniform nature of the flow, and using the velocity distribution found 
to be the “‘best”’ power law in the steady uniform flow. 

The boundary-layer momentum integral is 


a f° av f ð ba 
ro=p— | (V—vodet+p— | (V—o)de+p— f V-d 
Ox Jo Ox Jo at Jo 


which reduces to 
pV? aV 5 ve 
P = — ynny?) — ie V(x) dal 
dy (nı) Om 
dn 


dy (m) Om 
ef PO ant mv) SE ag 
On at 
Let y be the position of the base of the shot. By the Lagrange approxi- 
mation, 


and using also 


$ Buri, Zurich dissertation, 1931. 
¢ Frossel, Forsch. Gebiete Ingenteurw., T (1936). 
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we find 
3 3 
e(z “) (2#) - w petn LY ii. z pain = oy Om 
H dt n+2 ydt n+2 y dt dx 
a ð 
+— mE (20) 
n ðt 


This determines 7; as a function of x and £, if we know p and dy/di as 
functions of t. The boundary conditions are that 7, = 0 at z = 0 for 
all time and that 7; = 0 everywhere at t = 0. The solution is 


(n + 2)(n + 3)K(OR 


na? 


Toi (21) 


where R is the local Reynolds number at the time considered and 


nf yarns (2 j dt 
0 dt 


Ky Se (22) 
(n + Djy MPE dy 
dt 


is the dimensionless factor, which shows the effect of the nonsteady and 
nonuniform nature of the flow. Equation 15 shows that in steady uni- 
form flow A(é) is unity. In all guns K(t) starts from zero and increases 
rapidly at first, finally approaching 0.3, its behavior being little af- 
fected by the details of the ballistics. 

It is now possible to calculate the heat-transfer coefficient h at all 
points of the bore at all times. We compute 7, from equation 21, thence, 
pV? = a? y” 

TO 
substituting in equation 14 to find hk. The quantities needed from the 
ballistic solution are the velocity, fraction burnt, and gas temperature 
as functions of time. 

This completes the Hicks-Thornhill treatment of the heat-transfer 
coefficient. They have also calculated the thickness of the boundary ` 
layer, to verify that it is indeed small compared with the bore radius. 
The ratio of boundary layer thickness 6 to bore caliber d is 


6 3 (n+1) /(n+3) l p Ņ2/03) 
“=[m+2(1 +=) xor] antag) (23) 


which is largest at the muzzle, of course, and for small calibers, high 
velocities, and high pressures. For a fairly extreme case, we may take 
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an antitank gun of 3 in. caliber, 60 calibers long, with muzzle velocity 
3000 ft/sec and a muzzle pressure of 5 tons/sq in. Then 6/d attains 0.2 
as the shot leaves the muzzle. The error arising from the approximation 
of a plane boundary layer is therefore trivial except in small-caliber, 
high-performance guns, and even there the effect occurs only near the 
muzzle toward the end of travel. The error is probably smaller than 
that arising from the effect of the nonsteady and nonuniform flow on the 
velocity distribution. 

It has been assumed until this point that the bore surface is hydro- 
dynamically smooth. The pressure drops measured when air is forced 


10 calibers A 
(start of rifling) > 


(Sa 


p 


N w 


Heat- transmission coefficient, cal/em? sec deg 


Fia. 10.1 Typical form of heat-transfer coefficient as a function of time during a 
gun firing. Each curve refers to a specified distance from the breech. 


through gun barrels have suggested that the effect of the roughness of the 
bore is only a few per cent, although the Reynolds numbers have not 
been pushed up to the full ballistic values. It is clear, however, that the 
heat-transfer coefficient as calculated previously has to be increased by 
a substantial amount to give agreement with measured heat inputs to 
gun barrels. This increase is about 20 per cent in guns and up to 40 per 
cent in small arms. If the increase is attributed to roughness of the bore, 
the increasing size of the effect in small arms is explained by the depth 
of the rifling being here a larger fraction of the caliber. It is probable 
that some part of the effect is due to the approximations in this theory 
of the boundary layer. 

In a worn gun the surface near the shot seating becomes covered with 
a network of cracks whose appearance depends on the temperature of 
the propellant products. In all cases the result must be to increase the 
hydrodynamic roughness of the surface and so to increase the heat 
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transfer. This is one reason, at least, why the rate of wear of a gun in- 
creases rapidly toward the end of its life. 

Figure 10.1 shows the heat-transmission coefficient calculated in this 
way for various positions in a gun of fairly high velocity. The order of 
magnitude of h in guns is seen to be a few calories per square centimeter 
per second per degree. 


10.3 The conduction of heat in the barrel 


During the firing of a single round in a cold gun the temperature rise 
is confined to a layer of the order of 1 mm thick. It is permissible, 
therefore, to treat the heating as that of a plane wall. Heat flow along 
the barrel can also be neglected. The boundary condition at the outer 
wall can likewise be taken to be simply: ambient temperature at infinity. 

Let z now be the distance measured into the plane metal wall, with 
z = 0 at the heated surface. Let T(z, t) be the temperature, relative to 
the ambient temperature, and let k(T) be the thermal conductivity, 
ps(T} the density, and C,(T) the specific heat of the metal. Let T(t) 
be the temperature of the propellant gases at the position considered. 
This temperature is known from the space-mean temperature, which oc- 
curs in the ballistic solution, together with an assumed temperature 
distribution along the barrel, taken from chapter 9; it would often be 
sufficiently accurate to use merely the mean temperature in the space 
behind the shot. The heat-transfer coefficient A(t) is a known function 
of the time, depending on the position considered along the barrel. 

The equation of heat conduction is 


itt Af) a 
peat az\ az 
and the boundary conditions are 
oT 
atz = 0, k— = —h(T, — T) 
Oz 
(25) 
at t = 0, T = 0 for all z 
asz > œ, T — Ofor allt 


To solve equation 24 numerically, it is usual to replace the derivatives 
with respect to time or distance by finite differences. To obtain an 
analytical solution in this problem it is better to eliminate the time 
derivative. To permit an analytical solution it is also necessary to give 
k and p,C, single mean values over the whole range of temperatures con- 
sidered. To take account of the rapid changes in the specific heat at the 
transformation point, around 700°C, would require a more completely 
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numerical approach. Let 7,(z) and T;,,4,,(z) be the temperature dis- 
tributions at the beginning and end of the nth time interval (tn, tn41), of 
length At. Then, by equation 24, 


Teg Ty. E 


At - 2p C dz? (Thn a Ta+1) 
Ue 
If we write 
2 2Pp:Cs 
Ee 
then 
d? 
ga (Tan + Twat) = Q(T n F Taaa) al 29° T, (26) 


with boundary conditions, 
at z = 0, 
d 
AngilT s(tn41) — Trp] = Byr” Taşı 


and, as z — %, 
Tayi = 0 


The function 7,(z) can be supposed to be known and satisfies 


atz = 0, 
ats 


dz 


hnlT (tn) — Ta] = —k 
and, as z > ©, 
T, — 0 
Hence, at z = 0, 
d 
oS (Th + Tai) = —[hn4iT g(tngi) — haT g(tn)] 
T hnai Phat + haTn (27) 
Ta F Ta41 —> 0 


The solution of equation 26, which satisfies the conditions 27, is 


and, asz — ©, 


oo 


Tat Tawi = ge” f eT lu) du + qe” f e` ™T,(u) du 


0 z 
| Ty R 2R F Rast T g(tn41) (hang F hn) T„(0) 
hn + kq hanp + kq 


E” o 
= (=) q f eT (u) du (28) 
hn41 + kq 0 


pe | 
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At points of the barrel which are exposed to the gases from the start, 
the transfer coefficient A(t) starts at zero. At places nearer the muzzle 
than the initial position of the driving band, the heat-transfer coeff- 
cient jumps suddenly to a finite value as the band passes. We deal first 
with the former case. The initial state is then T(z) = 0 for all z, which 
satisfies the boundary conditions because h, = 0. By equation 28, the 
solution at the end of the first interval At is 


h2Tg(ta)e 
ha + kq 


and the temperature at the end of the second and all later intervals can 
be found in analytical form. The solution T, has the form 


T2(z) = 


Tale) = e=% | ao + a3(2g2) +--+ e=) 29) 


an—2 
(n — 2) 
where dg -* + anı are independent of z and depend on the history of the 
heat-transfer coefficient up to the time t,. The solution at time t,4, is 
then 


= ba —1 (2qz)” mt 
Tr4i(z) = e™ E + bi (2gz) HF | (30) 
(n — 1)! 
where 
hnT (tn) + Angil e(tngi) — (hn + ka)ao | 
p + kalao + a) +t + ana) 
0 = 
hn+ı T kq (31) 
b, = 


—a, + F(a,_1 + a, i oe a,_2) for 1 < r< n—2 
bni = an2 


These recurrence relations enable the solution to be computed at all 
times and depths into the metal. 

When the heat-transfer coefficient rises instantaneously from zero to 
a finite value at the moment the shot passes, the boundary condition, 


dT 
ar = -—h(T, —T) atz=0 (32) 
z 


is not satisfied by the initial solution T,(z) used up to now. The exact 
analytical solution is, however, well known. If A(t) and T,(t) are re- 
placed over the time interval (0, At) by the mean values 44(h; + he) 
and W4[T,(0) + T; (At)], the solution is 
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(hy + h)? (hi + =| (* + he qz )| 
= ee a ee as 
ji | 2k?q? 2k JSN kav | 2/2 p 


where 


erfe (w) = > f e~™ du (34) 


is a function tabulated in many places. 

Formula 33 is not in a form that permits analytical solution at later 
times. It is therefore to be approximated by a series of type 29, of which 
the first two terms are normally sufficient. The first term is obtained by 
fitting T(0) from equation 33, 


ao = T2(0) 
and the second term is then fixed by equation 32, as 


_ (ha + kq)ao — heT (tr) 


a 
$ 2kq 


If a comparison between the two-term approximation and the exact 
solution 33 indicates that a third term is needed, this can be found by 
equating the exact and approximate values of d?’ T/dz? at z = 0. 

To calculate the rate of transfer of heat, only the first term of the 
solution is needed. The rate of loss of heat per unit area is 


ROLIT) — ao(?)] 


and this can be integrated numerically with respect to time to obtain 
the total heat loss per unit area at the bore position being considered. 
A further numerical integration from breech to muzzle gives the com- 
plete heat loss to the gun. 

An alternative method of solution of the flow of heat into a semi- 
infinite solid with a plane face starts from the well-known solution, 


T(z, i) = (nsCak)~*f hT) — T(t — A) eT CA-N Gy 
0 


(35) 


where 7'(A) is the surface temperature at time A, that is, T(0, X). The 
integral equation 35 must also be solved numerically by successive ap- 
proximation and in some respects is more convenient than the process 
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already given. The integral equation is useful also for finding rough 
solutions for simple forms of the heat-transfer coefficient A(A). 


10.4 Results of the heat transfer in guns 


The temperature at the bore surface is sketched in Fig. 10.2 for various 
positions along a typical gun with muzzle velocity 2600 ft/sec. The 
ambient temperature is 300°K in this example. Curves of the same 
general form are obtained in all guns. The highest temperature of all is 
attained near the commencement 
of rifling, which is clearly one reason 
why erosion is most severe in this 
region. As we move toward the 
muzzle, the maximum surface tem- 
perature falls off, relatively slowly at 
first. The temperatures reached in 
this example are toward the upper 
limit of those calculated for various 
guns. They should be increased 
somewhat to improve agreement 
with measured heat transfers. To 
correlate this temperature region 
with the phenomena of gun erosion, 
Fie. 10.2 Typical surface-tempera- we note that most gun steels melt 
ture histories of bore wall at positions around 1500°C. The temperatures 
an the cinni, oe Shes Shaye Di ADE found by calculation are therefore 

and in the bore. 
usually lower, but not much lower, 
than the melting point of the unchanged metal and are normally higher 
than the melting point of some of the conceivable transformation 
products. 

The variation of temperature in the metal near the commencement of 
rifling is shown in Fig. 10.3 for the time at which the surface temperature 
reaches its maximum. Later in the firing the zone of appreciable tem- 
perature rise extends further into the metal, though even so the depth is 
rarely more than 0.005 caliber. This refers to single rounds in a cold 
gun. 

Turning now to the heat inputs to the barrel, Fig. 10.4 shows a typical 
example of the total heat transfer per unit area, as a function of position 
in the bore. These are heat inputs for the whole of the firing, including 
the part after shot ejection. The deviations from two straight lines are 

never very marked. 

_ The heat transfer after the shot has left is not easy to obtain by this 
solution, since the heat flow continues for many intervals and a, wide 


Surface temperature, Cc 


Time 
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extrapolation is necessary. The heat supplied to the barrel after shot 
ejection is about 20 per cent of the total at the commencement of rifling 
and increases until at the muzzle it supplies the whole of the effect. 

The heat loss to the barrel up to any time ¢ during the firing is propor- 
‘tional to the energy of the shot at time t, with errors scarcely ever more 
than 20 per cent. This verifies the assumption made throughout this 
book, to the accuracy needed for 
what is after all only a correction 
to the ballistic solution. 

The heat transfer under different 
ballistic conditions can be com- 
pared very simply, at least in re- 


Temperature, °C 


Heat loss per unit 


0 10 20 30 40 50 


Depth, 10 ° caliber Distance from breech, calibers 
Fia. 10.3 Penetration of tempera- Fie. 10.4 Total heat loss per unit area 
ture into barrel wall, in a typical as a function of position along bore. 
example. 


gard to qualitative effects. From equation 3, if we neglect the correc- 
tion term in ø — 1, 


CV 
h& p es pp Vm?” x pCpVR—2/+8) 
p 


TO 


since K(é) is not a strongly varying function. The local rate of heat 
transfer is thus 


per, — 1) « TLD (2 Ye Pe (La) 


y —1 y-—l y dt 
p” varies only a little from one propellant to another and may be taken 


as a constant. The heat loss per unit area at a given point, up to the 
instant of shot ejection, is 


pVx 
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x (T, — T) k a) 


h(T, —T)dt« -—]dt (36 
J ‘ ) y-1 y dt 
where the gas and surface temperatures have been given mean values. 
The lower limit of integration ist = — æ, if the point z is in the chamber, 


and depends on z, if the point is ahead of the commencement of rifling. 
The heat loss per unit area is greatest at this point, where it is H, say. 
For ballistically similar guns, with length L calibers, 


T.-Tc(?. 

H« = (E) (37) 
y— l1 d? CV 

Here we‘have assumed that the guns have the same expansion ratio. 

To find the effect of expansion ratio on heat transfer, a more refined 

treatment is necessary. 

Equation 37 is adequate to show the direction of the changes of H 
produced by changes in caliber and velocity. The heat transferred 
after shot ejection is only some 20 per cent of the total, at the commence- 
ment of rifling, so that the fact that this part of the heat transfer varies 
rather differently with the ballistic parameters is not of much impor- 
tance. H, the total heat loss per unit area at the commencement of 
rifling, is a criterion of the severity of erosion in certain guns, where the 
failure is associated with general heating of the barrel. More usually 
the rate of erosion is correlated with the maximum surface temperature. 
It can be shown from the integral equation solution that this temper- 
ature depends on the maximum rate of heat transfer at the commence- 
ment of rifling, multiplied by the square root of the time scale. Hence, 
we are led to consider the parameter, 


2 
eer dev Ld 


from which can be estimated the effects of the ballistic variables. For 
example: 

(a) At given peak pressure, projectile, and caliber, ¢ increases rather 
less rapidly than the length of the gun. 

(b) A change of scale makes ¢ increase rather less rapidly than d”. 

(c) A change of peak pressure in a given gun increases ¢ in roughly 
the same ratio. 

(d) When different projectiles are fired at the same maximum pres- 
sure from the same gun, ¢ increases as Vo’, roughly. 

The corresponding changes in H are easily worked out. 

It can be shown from equation 38 why a cool propellant reduces 
erosion, even when the same muzzle energy is obtained. The latter 
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condition requires that C7,/(y — 1) be constant.’ In a given gun, for 


7) 
1 — = } roughly, that is, 
— ( 7, roughly, that i 


as 1 — T/T,. This increases as 7, increases, and, when the erosion is 
severe, the dependence on 7, is marked. Consider, for example, a 
heavily worked gun with T = 1000°C above an ambient temperature of 
300°K. Then, by going from 7, = 3000°C to 2000°C we reduce ¢ by 
25 per cent, which would increase several-fold the life of a gun with such 
a high T. 


given muzzle velocity, ¢ behaves like £ 


10.41 Semiempirical formulas for heat loss 

Thornhill has fitted formulas, whose form has a rough theoretical 
backing, to the heat transfers calculated for a number of guns. His re- 
sults are as follows. Let d in. be the caliber, C lb the charge, To°K the 
temperature of uncooled explosion of the propellant, U cu in. the total 
internal volume of the gun, and A sq in. its bore area. Let 6°K be the 
maximum rise of temperature at the commencement of rifling (above 
the ambient temperature of 300°K). Then Thornhill finds, as a best 
representation of a number of theoretical results, 


To — 300 
p ie SS (39) 


1.7 + 0.384 ey 
C 


The heat transfer at this point, up to shot ejection, is H cal/sq cm per 
round, where 
H = 1.27 X 107? od“ (40) 


with Q a roughness factor, greater than unity, which is usually about 
1.25 in guns, rising to 1.4 or more in small arms. 

The total heat loss to the barrel up to shot ejection can be estimated 
by taking the heat transfer to increase linearly with distance along the 
chamber, from zero at the breech to H at the start of the rifling, and to 
decrease linearly in the bore, down to zero at the muzzle. The total 
heat loss up to shot ejection is then 


U 10.13U Had 
Fid dH X 6.451 cal = E i cal (41) 


The kinetic energy of the shot and charge at the muzzle is 
5.03 X 107? (W + }C)V? cal (42) 


7 Strictly speaking, Tg here should be (T; + the ambient temperature), but the 
error is small. 
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where W is in pounds and FV in feet per second. The factor x used in 
this book for heat loss/kinetic energy is therefore, at the muzzle, 


25.6Ud*!*(T, — 300)2 
x= 2 


1 d 0.86 
AV? (w + =o) [17 + 0.38d” (5) | 


To calculate an approximate value for the total heat loss over the 
whole of the firing, Thornhill uses a heat transfer varying linearly in the 
chamber from zero to 1.2H, falling linearly in the bore to 24H at the 
muzzle. 


(43) 


EXAMPLES 


1. The heat transfer per square centimeter from the propellant gas to the bore by 
radiation is 
1.4 x 10- “galt, * = T.) 


where eg and e, are the coefficients of emissivity of gas and surface and T; and T, the 
corresponding temperatures. Giving their emissivities their maximum values, unity, 
ghow that radiation plays a negligible part in the heating of a gun barrel. 

2. Show from the integral solution that for ballistically similar guns the maximum 
bore surface temperature is proportional to the maximum rate of heat transfer per 
unit area, multiplied by the square root of the time scale of the phenomena. 

3. A given projectile is to be fired at the same velocity from (a) a normal gun, 
(b) an abnormally long gun, (c) as a subcaliber projectile from a gun of greater caliber. 
In which will the erosion be worst? 

4. Evaluate the function K(é) introduced in equation 22, near the end of shot 
travel, neglecting the initial value of y, and assuming (a) constant shot velocity, 
(b) constant acceleration. Show that the effect of the initial nonzero value of y is to 
reduce K(t). From these results deduce the general behavior of K(t), stated in § 10.2. 


Appendix A 
The Numerical Solution of the Equations of Interior Ballistics 


We have in several parts of this book referred to numerical solution of sets 
of ordinary differential equation. It will perhaps be useful if we explain one 
such process here, without any attempt to compare with other formulas, in fact, 
merely laying down one of the possible rules. 

The numerical solution of partial differential equations can be a tricky måtter, 
and the method depends essentially on the type of equations and the nature of 
the boundary conditions. Fortunately, partial differential equations are not 
common in this subject. Sets of ordinary differential equations can also raise 
difficult questions when one is computing near singularities. The equations of 
interior ballistics are, however, of a simple type, and the most elementary 
methods will suffice. 

The formulas used depend on whether the computer has a calculating machine 
at hand. If so, it is best to work in terms of function values rather than of 
their differences. We shall take this case first. 


A.1 Method of solution on a calculating machine 


By introducing new dependent variables the set of equations may be reduced 
to a set of the form 


dy 


= (. #, secre 
dt fol y ) 


dx 

— = t, T, Y, 2); 

d fil y ) 
and so on, where ¢ is the independent variable and z, y, z --+ the dependent 
variables. In ballistics ¢ will usually be the time and z, y, z +++ the travel, 
velocity, fraction burnt, gas temperature, and so on. There will be algebraic 
relations between some of these: for example, 


@ = (1 —f)(1 +0) 


The set of equations reduces, in its simplest form, to the single equation, 


-E (1 
which we shall now discuss. 

Let to, ti, fe ++- be a set of values of t separated by a constant interval h, 
and let zo, 21, z2 ++- be the corresponding values of x and fo, fi, fe «+ the corre- 
sponding values of f(t, x). Then, 
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T3 — te = pgh(Sfs + 8f2 — fi) (2) 
and 


ts — 2% = 2 (23f2 — 16f1 + 5fo) (3) 


both with an error proportional to h(A’”’f)ox,, where the third difference (A”’’f) 214 
is that which appears between lines tł and f in a difference table of f at equal 
intervals of t. Equation 2 is much more accurate than equation 3, having 19 
of the error of the latter. These formulas enable a solution, known at to, t1, and 
fs, to be continued indefinitely. For from equation 3 we can compute z3 and 
so fz, and hence a better value of x3 by applying equation 2. The value of fs 
is then computed afresh and equation 2 applied again, the process being repeated 
until convergent. Now that z; has been found, the whole affair is repeated to 
find z4 and so on. s 

The number of times equation 2 has to be used per step is itself a good cri- 
terion for the accuracy of the whole process. Not more than two cycles should 
be necessary. An even better indication is the accuracy with which equation 3 
predicts x3. The difference between equation 3 and the final value of x3 should 
be only a few units in the last place; in fact, if this prediction error is too large 
or too erratic to be guessed within two or three units, the size of interval A 
ought to be decreased. 

More precisely, the errors in the process are as follows. For equation 2, 


ra — 22 = E (fa + Sfo — fi) — zy (OPa + 0008 (4) 

and equation 3 is more correctly written as 
rs — a = E (3f — Wht + A" + O08) O 
Halving the size of step is simple. Suppose we know the solution at to, t—1, 


t_s, and so on, and that we want it at ty, tı, t3, and soon. Then we begin by 
predicting ry, from 


z4 — to = E (Ifo — Tha + Y) 6) 
calculating fy, and computing a better zy, from 
zy — to = Zo (Ify + fo — fa) (7) 
This equation is used until zy and fy, are consistent. To predict xı, we use 
ri — my = = (Bhs — 33fo + f) (8) 
and, as soon as fı has been obtained, we continue with 
n — ry = = (i + Big — 19 (9) 


From this point the standard formulas 2 and 3 can be used. 
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Doubling the size of interval is needed when it becomes obvious that the errors 
in the process have fallen, compared with an earlier part of the solution. Sup- 
pose that we know the solution at to, £1, t-2, and that we propose to continue in 
steps of double size, finding the solution at tz, t4. This can be done by the stand- 
ard process, using the values to, t—2, and t_4. It often happens that the errors 
in this process are considerable, even though the error is small from tọ onward. 
If the computer is anxious to double the interval size as soon as possible, the 
following formulas are useful. 

For forward extrapolation, 


h 
t2 — To = 3 (19f =m 20f1 + 7f_2) (10) 
and, for integration, 


T2 — To = f + 15fo — 4f_1) (11) 


It has not been explained how to obtain the values zo, 21, 22, which were 
assumed as the known solution at to, fi, 2. The value xo is certainly known, 
being one of the boundary conditions that specify the solution. How best to 
obtain zı and xz depends on the set of equations being solved, and there seem 
to be no general rules. One way is to try a series expansion of the solution. 
This has the disadvantage that a short series will carry one only a little way 
from tp, so that tz — ¢; and tı — to may have to be a good deal smaller than 
needed in the main computing process; this means a number of stages of 
doubling the interval. A long series may make it unnecessary to use short 
intervals at the start but is more laborious to find and compute. The finding 
of a series solution is an effort that is worth while only if a large number of 
solutions of the same equations are to be computed. However, the use of an 
expansion may be essential if there is some singularity at fo. 

The equations of interior ballistics are simple in form, and the behavior of 
the solution is easy to guess. In this field it is almost always best to estimate 
xı and x2 and to work round the first two intervals until self-consistent. The 
integration needs no new formulas: x; — xo comes from the reversed form of 
equation 2, 


tı — To = = afa + 8f1 — fo) 

Starting the solution can present difficulty when the shot is assumed to start 
without any “‘shot-start pressure.” The solution then begins at zero pressure, 
which usually occurs at £ = —œ. To get to a finite pressure one tries first to 
approximate the dependent variable as Ae”‘, where A and u are determined by 
the particular equations being solved. Such a change of independent variable 
usually enables one to reach a pressure at which a straightforward solution is 
possible. It is often simpler and equally effective to use ¢ or f as the inde- 
pendent variable. 

It is essential that the computation be checked as it proceeds. The difference 
of extrapolated and computed values for the increment in an interval is itself 
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proportional to the third difference, and the difference ought to be so small (for 
requirements of accuracy) that errors in it are obvious. This checks incre- 
ments but not the addition of increments. This requires a high-order difference 
to be computed and either 


A”’'x = rq — 221 + To 
or 
A” Tt = x3 — 3x: + 3x1 — To 


should be calculated and written on the computing sheet. For most work A’’’x 
is better. Certainly the omission of all differencing is foolish. So too is the 
idea that errors can always be picked out by differencing the final result, say 
the peak pressure or muzzle velocity; this shows up some errors but may mean 
many wasted intervals of computation. Furthermore, differencing of the final 
results is possible only if a fair number of solutions have been computed. It is 
far better to check each solution as it is calculated. 

There are two kinds of error to be considered: systematic and random. The 
former arises in the error in equation 2, which has been stated already to be 
h(A’"'f 214/24. The total of such errors can be estimated; if the equations are — 
complicated, some care should be taken that all the interactions have been in- 
cluded. The sum of all systematic errors during the solution should be esti- 
mated and reduced by choice of interval size until the systematic error is less 
than the random error. 

Random errors are those that arise by cutting short the number of decimals 
in the solution. These rounding-off errors in the last n intervals add to form a 
frequency distribution of errors with a spread n* times as large. This holds 
only if n is small. For the effect of a rounding-off error near the start of a solu- 
tion will usually be cumulative; an error in the position of a solution affects its 
direction, and the effect on the position at a later time may come more from the 
early errors in direction than from those in position. An estimate of these 
errors must be made for each set of equations studied. The number of decimal 
places kept during the computation should be chosen to reduce the total random 
error below the specified upper limit. 


A.2 Solution without a computing machine 

The essential difference is that the formulas should now be written in terms 
of differences, so that the computer may work with smaller numbers. The 
formula for the prediction of 23 from £o, 21, x2 is 


z3 — x2 = hl fe + (Afi + Af) . (12) 
and, for the accurate integration, 
x3 — z2 = Al fe + Af) — ra(A’f)el (13) 


Computing with differences means that rather more has to be written down by 
the computer. For example Az will be obtained (for checking) by writing 
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down Az, A’’x, A’”’x in succession whereas the computer with a machine would 
calculate A’’’z directly from 


Ar = x3 — 3ro + 32) — To 


Our previous discussion of checking and accuracy applies without change. The 
error term in equation 13 is 


` = Š A ag + ("asd 


Appendix B 
Some Constants Used in Ballistics ! 


1 ft = 30.480 cm; 1 ib/cu in. = 27.681 g/ce 

m = 3.1416; e = 2.71828 

The gas constant, R = 8.205 X 10~* liter-atm/deg- mole = 8.314 X 10’ erg/deg- 
mole 

1 cal}; = 4.1855 X 10’ ergs 

1 ton/sq in. = 152.42 atm = 157.48 kg/sq cm, at the standard value of g = 
32.174 ft/sec? 

1 (ton/sq in.) X (ce/g) = 1.6624 X 10° (ft/sec)? 


1 Birge, Rev. Modern Phys., 13 (1941), 233. 
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Appendix C 
Interpolation Coefficients 


The tables in this book are designed for interpolation by Bessel’s formula: 
f(a + nh) = nf(a +h) + (1 — n)f(a) + B”(n)D 


where D is printed in the table and is the sum of adjacent second differences, 
sometimes including a correction for higher-order differences. In this book D 
is usually so small that B” need not be known to more than two decimal places, 
so that the accompanying table will often be sufficient. The error in any inter- 


TABLE oF B" (n) 


n B” (n) 
0 

—0.00 

0.020 
—0.01 

0.064 
—0.02 

0.112 
—0.03 

0.168 
—0.04 

0.235 
—0.05 

0.326 
—0.06 

0.673 
—0.05 

0.764 
—0.04 

0.831 
—0.03 

0.887 
- —0.02 

0.935 
—0.01 

0.979 
—0.00 

1 


The value of B”, lying between any two entries in the column of n, is the B” to 
be used with all intermediate values of n. The B” to be used with a value of n 
which appears in the list is the entry above and to the right. 
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polated value f(a + nh) in this book due to the error in B” from this table is 
never more than 0.6 of a unit in the last place. As the tables in the text have 
errors up to half a unit because of differences above the second not being taken 
into account exactly, the total error can attain one unit. Where the loss of 
half a unit of accuracy is important, the short table of B” given here should be 
replaced by a table to one more place of decimals, such as is given in, for ex- 
ample, Interpolation and Allied Tables (H.M. Stationery Office, London, 1936 
and 1942). 
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